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ABSTRACT
The Barnes’ research group has developed a general synthetic methodology for creating nanostructured
silicate with targeted single sites. This methodology provides researchers with the ability to control the
dispersion of surface functionality and metal centers, the number of linkages from metal center to the
support, the surface area and the porosity of the support. This dissertation describes work aimed at
synthesizing and characterizing nanostructured titanosilicates for hydrogen storage applications and as
heterogeneous catalysts. Furthermore, none of the materials prepared in our investigations exhibited
significant hydrogen bind beyond physisorption
Isolated surface titanium species were synthesized by reacting a nanostructured silicate support with
titanium tetrachloride. These isolated titanium(IV) sites serve as a well-defined starting point for a
“complex” reduction, resulting in reduced titanium centers that may be capable of Kubas’ binding of
hydrogen. These sites were exposed to a variety of reductants: lithium aluminum hydride, sodium
borohydride, cobaltocene, hydrogen, and UV radiation with hydrogen. The majority of the work with
these systems focused on characterizing the titanium species after reduction to understand their
composition. Due to the amorphous nature and instability of the reduced titanium species, we were
unable to develop a clear understand of their composition.
Nanostructured heterogeneous catalysts with isolated titanium(IV) centers were synthesized by reacting
a limiting amount of metal chloride with octatrimethyltin spherosilicate, followed by
dimethyldichlorosilane. Three catalyst ensembles were synthesized: 2-, 3-, and 4-connected titanium. The
catalytic activity of each catalyst was examined in the epoxidation of cyclohexene with cumene
hydroperoxide. Under identical conditions, high activities were observed in a sequence 2-connected > 3connected > 4-connected titanium catalysts. Furthermore, these single site catalysts were compared to
two commercially used catalysts (Grafted Titanium Mobil Composition of Matter-41 and Titanium Silicalite
-1) and found to be superior in both activity and selectivity. A structure-function relationship was
therefore developed through targeted synthesis of novel single sites titanosilicates.
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CHAPTER 1: ENGINEERED MATERIALS
Modern society depends on the use and application of engineered materials which may be defined as
materials designed and employed for specific applications. These engineered materials are used in a
plethora of applications including catalysis, semi-conductors, porous solids for gas storage and separation,
fuel cells, and high-K dielectrics materials. Many of these engineered materials go unnoticed by the
majority of the populous, but without them, contemporary day-to-day life would quickly come to a
standstill.
For more than a century, many engineered materials have been created using more empirically based
procedures. The field of heterogeneous catalysis is a prime example of this. Figure 1 indicates the
understanding of heterogeneous catalysis vs time. This limited understanding of heterogeneous catalysis
can be attributed the inability to target and characterize sites of interest. Early heterogeneous catalysts
were mineral supports (silicates and aluminates) with trace transition metals. Through a series of trial
and error experiments “special ones” were identified that have superior catalytic activities. At the turn of
the century, the field of catalysis and its application to the emerging chemical industries developed
rapidly. However, a fundamental understanding of what the actual active sites were remained mostly
absent (as seen in Figure 1). This is partially due to most heterogeneous catalysts having multiple types
of active sites, leading to uncertainty within the importance of sites and difficulty in characterization.
These factors hampered the development of catalysis. One challenge that has slowed development is the
lack of techniques that are sensitive enough and selective enough to allow scientists to “see” and
characterize potential active sites that exist only on the surface of support materials.
In the last 30 years or so this situation has changed. The study of single crystal surfaces has begun to shed
light on the properties of well-defined surfaces sites. Atomic-force microscopy (AFM), scanning tunneling
microscope (STM) and X-ray absorption spectroscopy (XAS) have given scientists the ability to better
characterize catalytic materials. Density functional theory (DFT) and other computational methods have
allowed scientists to model and study individual sites and their activity. However, one area for which
much work is still needed is synthetic strategies that are capable of targeting active single sites that can
then be called single-site heterogeneous catalysts.
In ordered to keep up with ever-increasing needs for more engineered materials new synthetic strategies
are needed. The syntheses of new engineered materials need to be more targeted and directed. These
advanced engineered materials need their composition and structure controlled at many different length
scales, allowing for the targeted synthesis of materials with specific, desired characteristics. An approach
in which the targeted site is identified initially and then built into the matrix as it is being created is one
approach to this idea. This sort of targeted synthesis is still quite difficult and there are relatively few
synthetic strategies that can offer this control.
A significant scientific and technological step forward in this area would be the development of new,
general, rationally based synthetic strategies for the preparation of advanced engineered materials that
have homogenously dispersed, metal atom sites on the surface of metal oxide supports. Furthermore,
these synthetic strategies should produce high densities of sites on a porous, high surfaces areas support.
1
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Figure 1: A plot demonstrating the contrast in understand of heterogeneous catalysis and practical catalysis. The
red arrow indicates the difference in knowledge.
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Additionally, these synthetics strategies would be tailored at several different length scales, and would be
applicable for multiple active sites. Ideally, these strategies should also be appropriate to a broad range
of applications including catalysis, semi-conductors, porous solids for gas storage and separation, fuel
cells, and high-K dielectrics materials. The types of sites needed for the variety of applications listed can
be quite similar. The key is to be able to target and prepare sites that have specific characteristics that
are believed to be critical for their desired reactivity. This will be a major theme of this dissertation. This
dissertation will focus on a novel synthetic approach that achieves these goals and how it can be applied
to catalysis and hydrogen storage.

AREAS OF FOCUS
GAS SEPARATION AND STORAGE
Porous solids like those found in gas separation and gas storage media are ideal candidates for advanced
engineering. The ability to prepare porous materials while targeting a single site that is capable of only
binding a substance of interest would for allow storage media to be more selective and efficient. With
the supply of fossil fuels being exhausted in the future, the storage of hydrogen in onboard systems is of
great importance. Finding a storage medium that combines a hydrogen density greater than that of the
liquid with fast kinetics allowing rapid charging and discharging has been challenging in the area of utilizing
hydrogen as an energy source. The targeted synthesis of advanced engineered materials designed to do
just that may lead to advancements in alternative energy sources and help minimize the dependence on
foreign sources.

CATALYSIS
Almost every facet of our daily lives depends on catalysis and its contributions to present day society
cannot be overstated. The production of fuels, plastics, chemicals, and pharmaceuticals all rely on
catalysis on an industrial scale.[1] Catalysis also plays a vital role in almost every biological reaction in the
form of enzymes.[2] Finally, catalysis plays a major role in the reduction of harmful pollutants that are
present in automobile emissions and the waste streams from fossil fuel power plants. [3]
An example of a familiar application of catalysis in everyday life is the catalytic converter found in modern
automobiles. Catalytic converters transform unburned fuel, carbon monoxide, and nitrogen oxides to less
harmful emissions, such as carbon dioxide, nitrogen, and water (equations 1- 3, Figure 2). All these
reactions are accomplished by platinum and rhodium active sites on a ceria support.[4] Ideally, the
catalytic converter on an automobile should never need to be replaced because a catalyst is not consumed
as it performs its function even though the amount of exhaust that is treated is many times the weight of
the catalyst.
2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2

3

Eq. 1

N2, O2, CO2, H2O

HC, CO, NOx
Figure 2: a diagram showing the reactants (unburned fuel, carbon monoxide, oxygen, nitrogen oxide) and products
(nitrogen, oxygen, carbon dioxide, and water) of a catalytic converter (Figure was reproduced from [5]).
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2𝑁𝑂𝑥
3𝑥+1
𝐶𝑥 𝐻2𝑥+2 + ( 2 ) 𝑂2

→ 2𝑁2 + 𝑋𝑂2

Eq. 2

→ 𝑋𝐶𝑂2 + (𝑥 + 1)𝐻2 𝑂

Eq. 3

DEFINING A CATALYST
A catalyst is an ensemble of atoms that increases the rate of a reaction without being consumed during
the reaction. A catalyst increases the reaction rate by lowering the activation energy (Ea) of a chemical
reaction (Figure 3). A catalyzed reaction has a lower energy barrier than the same reaction when notcatalyzed (Figure 3). Therefore, catalyzed reactions proceed through an alternative mechanism than that
of a non-catalyzed reaction.
The functioning of a catalyst during a catalytic cycle can be divided into three distinctive steps. (1) Binding:
Assuming mass transport of reagents to and from an active site are fast, a catalytic reaction begins when
the catalyst chemically binds a substrate. (2) Transformation: The catalyst then transforms the bound
substrate through a series of intermediates to the final product. (3) Release: The last step of the catalytic
cycle involves release of the product from the catalyst, thus returning the site to its initial active state.
Once the catalyst has returned to its initial active state it can combine with another substrate and go
through the cycle again. Satisfactory catalysts can proceed through a catalytic cycle repeatedly. Ideally,
a catalytic cycle continues without limit, but in reality, undesired changes can render the catalyst less
active with continued use. For this reason, many catalysts must be periodically regenerated or replaced.
HOMOGENEOUS VERSUS HETEROGENEOUS CATALYSTS
Catalysts can be classified by their phase compared to their substrate. Homogeneous catalysts are
catalysts that are in the same phase as the substrate. In contrast to this, heterogeneous catalysts reside
in a phase that is different from that of the substrate. There are five main fundamental differences
between homogeneous and heterogeneous catalysts.
First, homogeneous catalysts are in general easier to characterize than heterogeneous analogs.
Homogeneous catalysts benefited greatly from the development of several molecular characterization
tools, such as X-ray diffraction and NMR spectroscopy, allowing precise characterization of the stable
precursors or even active species. In contrast to this, the spectroscopic approaches used for
characterizing and identifying heterogeneous catalysts generally do not give as clear a picture of the active
site. In fact, heterogeneous catalysts generally require the use of several characterization tools to
construct a model of the active species.
Second, heterogeneous catalysts frequently exhibit greater thermal stability than homogeneous analogs.
Therefore, heterogeneous catalysts are better suited than homogeneous catalysts for use in reactions
requiring higher temperatures. Heterogeneous catalysts frequently involve reactions that occur over a
broad range of temperatures (up to 1000°C) while most homogeneous catalysts are stable only below
200°C.[6] This thermal stability allows heterogeneous catalysts to be used in reactions that are not
suitable for homogeneous catalysts e.g. cracking of crude oil. The use of catalysts at high reaction
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Figure 3: Illustration of the energy diagram of an uncatalyzed (blue) and catalyzed (red) reaction showing that a
catalyzed reaction has a lower activation energy (Ea) than the same reaction when not catalyzed (Figure was
reproduced from [7]).
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temperatures frequently lead to high rates of reaction which mean increased catalytic activity which
allows a heterogeneous catalyst to be as active as or more active than its homogeneous counterparts.
Third, heterogeneous catalysts are easier to recycle and separate from the products than their
homogeneous counterparts. This results from the catalyst and products being in separate phases, while
the separation of homogeneous catalysts from the products tends to be a more complicated procedure
since the catalysts are in the same phase as the products. The ease of separation from reaction products
that is associated with heterogeneous catalysts results in lower processing costs. Additionally,
heterogeneous catalysts are readily applied to both continuous flow and batch reaction systems, whereas
homogeneous catalysts are predominantly only appropriate to batch reaction systems. As a result, the
chemical industry tends to favor heterogeneous catalysts when the expense of separating the catalyst and
the products is a large portion of the overall cost of the process.
Fourth, the ligands found in homogeneous catalysts can be tailored to a much higher degree than is
typically possible in the case of heterogeneous catalysts. Thus, it is possible to vary the steric and
electronic features of homogeneous catalysts much easier and to a greater extent than heterogeneous
catalysts.[8] An example of this can be seen in metallocene catalysts. Metallocene complexes are
commonly used as homogeneous catalysts and the sterics and electronics of the cylcopentadienyl (Cp)
ligands can easily be altered. As shown in Figure 4, Pentamethylcyclopentadienyl (Cp*) ligands are
sterically larger and donate more electron density to the metal center than standard Cp ligands. Linking
two Cp ligands together producing ansa-Cp ligands, allows one to open up access to the metal center and
control both the sterics and electronics of the active site. The ability to control the sterics and electronics
of ligands, as in the case of Cp ligands for homogeneous metallocene catalysts, is a component of
heterogeneous catalyst synthesis that is largely absent. As a result, heterogeneous catalysts cannot be
modified as easily as their homogeneous counterparts. Within this context, new synthetic methodologies
that can be used to prepare tailored heterogeneous catalysts have been a longstanding challenge for the
heterogeneous catalysis community.
Finally, homogeneous catalysts are frequently single site while heterogenous catalysts are rarely single
site. Reasons for this are discussed in detail below.
ACTIVE SITE ANATOMY
Understanding the active site is a key factor for synthesizing tailored heterogeneous catalysts. The active
site of a heterogeneous catalyst is more than the catalytically active metal site in/on the support. It is
generally thought that the immediate environment of the metal cations also influences the observed
catalytic behavior. Typically, a metal site will be bound to a support, frequently a metal oxide such as
silica, alumina, or titania (SiO2, Al2O3, or TiO2) via terminating oxygen atoms existing on the surface of the
support Figure 5. These bonds to the surface serve to hold the metal cation in place as well as contribute
to the overall charge on the metal site. Additionally, the arrangement of the bonds between the metal
and support will influence the electronics of the metal site and thereby its reactivity. Finally, to fill out the
coordination sphere of the metal site, a number of terminating ligands may be present. Usually these
7

Figure 4: Illustration of metallocene complexes with different Cp ligands.[9]
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Terminating Ligands

Connections to the Surface

Figure 5: Illustration of an active site showing the terminating ligands (L, Red), metal-to-surface binding
interactions (M-O-Si, Blue), and the support (SiO2).
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additional ligands exchange with reactants to initiate catalysis. The metal sites, terminating ligands, and
bonds between the metal and support that are directly associated with the binding and transformation of
a substrate into a product are referred to as the catalyst ensemble.
CATALYSIS CHARACTERISTICS OF IMPORTANCE
As important as the characterization of a catalyst’s physical properties is, it is meaningless if the material
is incapable of acting as a catalyst. For this reason, every research program focused on catalyst
development conducts catalytic test reactions in parallel with more classic characterization methods.
These test reactions attempt to define three important quantities that can be used to determine the
effectiveness of a catalyst.
(1) SELECTIVITY
Selectivity is a measure of a specific product relative to all of the products of a reaction. Selectivity is
generally represented as the percent yield of a specific product relative to the stoichiometric yield from
the substrate. Selectivity is a property of great importance in industry because high selectivity means the
yield of a desired product will be high and there will be less cost associated with the separation from
unwanted byproducts. Single site catalysts are widely considered to have higher selectivity than their
multi-site counterparts. This is justified by the concept that each individual type of site is predicted to
accomplish specific reactions. Therefore, fewer types of sites should give rise to higher selectivity by a
catalytic material. Selectivity is easy to determine as long as researchers can detect and quantify the
products of a reaction.
(2) ACTIVITY
Activity is a measure of the amount of substrate that is converted during the reaction over a specified
time interval. Percent conversion is sometimes considered an appropriate measure of activity. However,
percent conversion data generally does not take into account the number of active sites present in the
catalyst. As a result, these numbers can be easily manipulated by simply adding more catalyst, decreasing
the concentration of substrate, or changing the temperature and time. Consequently, the observation of
increased conversion does not necessarily mean a catalyst is more active. More accurate measures of
activity are turnover number and turnover frequency. Turnover number, TON, measures the number of
substrate molecules converted per active site. Turnover frequency, TOF, quantifies the activity of a
catalytic site occurring at the site per unit time. In addition to determining conversion, researchers must
be able to quantify the number of active sites in a sample of the material in order to determine turnover
numbers and turnover frequency. Counting the number of active sites in a catalyst can present a number
of challenges, which is the reason that many catalysis studies still only report percent conversions.

(3) STABILITY
A component of catalytic test reactions involving heterogeneous catalysts that are less frequently studied
is stability. The apparent reactivity of a catalyst frequently can decline over the course of a run due to
several factors. The most important pathways by which catalyst deactivate are leaching, active site
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decomposition, or blocking access to the active site. Leaching studies arguably provide information that
is more critical in the determination of the effectiveness and longevity of a heterogeneous catalyst than
activity and selectivity. The ideal case is that the active sites do not leave the support surface to become
potentially soluble homogeneous active sites. If leaching does not occur, then the observed catalysis is
truly heterogeneous in nature. However, if the components of the active sites of a heterogeneous catalyst
leach during reaction one can envisage three different consequences: (1) the leached species is not an
active homogeneous catalyst and the apparent activity of the catalyst system is not an accurate measure
of the sites initially present. (2) The leached species is an active homogeneous catalyst and the apparent
activity of the catalyst system decrease. (3) The leached species produces undesired byproducts, reducing
the selectivity of the overall reaction.
TRADITIONAL SYNTHESES FOR TARGETED ACTIVE SITES
Traditionally, heterogeneous active sites are prepared using a variety of synthetic procedures. In general,
these procedures can be divided into two groups. (1) Procedures in which the deposition of the active
metal site occurs during the synthesis of the material. These sites are generally referred to as framework
or embedded sites. (2) Procedures in which the active metal sites are deposited onto a pre-synthesized
support. These sites are generally referred to as surface sites. Generally speaking, embedded sites have
multiple links to the support, while surface sites have fewer links to the support, and in the extreme cases
may only have only one link to the support. By and large, none of these procedures are capable of
producing single sites, but rather a mixture of sites. These mixtures of sites are often overlooked within
the literature as they present a limitation found for all conventional synthesis methods.
TRADITIONAL SYNTHESES FOR CREATING EMBEDDED SITES
Traditional methods from the literature for preparing embedded active sites include sol-gel, templating,
nonhydrolytic sol-gel, and hydrothermal processes which are discussed in more detail in the following
sections.
SOL-GEL PROCESS
The sol-gel process is a common procedure used to prepare supports and heterogeneous catalysts
because the chemicals and apparatus are relatively inexpensive, the reactions are simple, and the
required reaction conditions are mild. The sol-gel process is divided into six steps: preparation of a sol,
hydrolysis, condensation, formation of a gel, aging, and drying.[10,11] A typical sol-gel process begins with
the active site precursor being dissolved in an aqueous solution. Metal alkoxides are usually used as metal
precursors in the sol-gel processes because they react readily with water and are relatively inexpensive
which helps minimize the cost of the process. In the presence of water, metal alkoxides hydrolyze to form
metal hydroxides (Equation 4).
𝑀(𝑂𝑅)4 + 𝑋 𝐻2 𝑂 → 𝑀(𝑂𝑅)4−𝑥 (𝑂𝐻)𝑥 + 𝑋 𝑅𝑂𝐻

Eq. 4

A condensation reaction that produces water or an alcohol can then link two metal alkoxides complexes
or metal hydroxides together. Two complexes containing hydroxide ligands can be seen in equation 5.
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Equation 6 shows the condensation reaction between a hydrolyzed molecule and a molecule containing
an alkoxide ligand. Hydrolysis and condensation represent a very complicated series of coupled reactions
which are difficult to control. Therefore, it is almost impossible to tailor the catalyst ensemble using the
sol-gel process.
(𝑅𝑂)3 𝑀 − 𝑂𝐻 + 𝐻𝑂 − 𝑀(𝑂𝑅)3 → (𝑅𝑂)3 𝑀 − 𝑂 − 𝑀(𝑂𝑅)3 + 𝐻2 𝑂

Eq. 5

(𝑅𝑂)3 𝑀 − 𝑂𝑅 + 𝐻𝑂 − 𝑀(𝑂𝑅)3 → (𝑅𝑂)3 𝑀 − 𝑂 − 𝑀(𝑂𝑅)3 + 𝑅𝑂𝐻

Eq. 6

The combination of hydrolysis and condensation reactions will continue to build larger and larger
molecules until a gel is formed. Gel formation occurs when a molecule reaches macroscopic dimensions
so that it extends throughout the solution.[10,11] Once a gel forms, it can be aged before drying. Aging
is the further cross-linking of unreacted sites after gelation occurs. Aging can result in a significant
increase in the surface area and porosity of the final material.
The final step of the sol-gel process is drying of the gel. Drying is the process by which the solvent is
removed from the pores of the sol-gel product. If the drying occurs via evaporation under normal
conditions the resulting material is classified as a xerogel. This drying process gives rise to capillary
pressure that can cause the pore structure to collapse. An aerogel is produced when a wet gel is placed
in an autoclave and dried under supercritical conditions. This drying process does not produce capillary
pressure and therefore there is relatively little collapse of the pore structure.[11]
Even though the sol-gel process is one of the most common synthetic techniques for making metal oxides
there are several disadvantages associated with the process. A drawback is that the condensation step
can be reversible which means that even if the desired pattern of linkages to an active metal site is formed
initially, it can still be lost as the system anneals itself (Equation 7).
𝑀 − 𝑂 − 𝑀′ + 𝐻2 𝑂 ↔ 𝑀 − 𝑂𝐻 + 𝐻𝑂 − 𝑀′

Eq. 7

Another shortcoming arises when using the sol-gel process to prepare mixed metal oxides. In the case of
mixed metal oxides, the dispersion of a metal in the final product is influenced by the relative rates of
homocondensation (formation of M-O-M or Si-O-Si) versus heterocondensation (formation M-O-Si) for
the reactants involved. Controlling the hydrolysis and condensation rates can be rather difficult in the
sol-gel process. The degree of homogeneity of the final material will depend on the ability to favor heater
condensation. Several partially successful strategies have been reported in the literature to compensate
for the differences in condensation rates form mixed metal oxides.[12-14]
Although it is one of the most common procedures used to prepare supports and heterogeneous catalysts,
the sol-gel process suffers from a lack of synthetic control with respect to the active site. This lack of
control often leads to materials with multiple sites. The number of linkages that a metal cation forms to
a support as well as the dispersion of the surface functionality on the support and metal cations
throughout the support are not easily controlled using the sol-gel process. Additionally, simple first order
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sol-gel processes offer little control of the surface area and porosity of the final material. This lack of
control often leads to catalysts with multiple sites. The sol-gel process can be used to prepare amorphous
porous materials but it is not ideal for the preparation of tailored supports and heterogeneous catalysts.
TEMPLATING PROCESS
Templated mesoporous materials represent a subcategory of the materials produced using the sol-gel
process. Templated mesoporous materials typically are high surface area amorphous materials with
ordered pore structures.
The templates used to produce these materials can be divided into two groups: soft and hard. Soft
templates usually consist of organic surfactants, polymers, and even biological viruses, which are relatively
flexible in shape. Whereas hard templates normally possess well-defined shapes and voids which can be
in the form of channels, pores, or connected hollow space. Anodic aluminum oxide membranes and
porous silica are typical examples of hard templates.[15] Figure 6 illustrates the general process that is
used to synthesize templated mesoporous silica, typically a soft template approach. Initially, a surfactant
is added to an aqueous solution where it forms micelles. The micelles then self-assemble into a specific
arrangement. Once the self-assembly process is complete, the silica precursor then undergoes the solgel process, forming a silica matrix around the template micelle assemblies. Finally, the template is
removed either by calcination at high temperature or repeated washing resulting in a high surface area
mesoporous silica with ordered porosity.
The two most common examples of templated mesoporous supports are MCM-41 (MCM = Mobil
Crystalline Material)[16] and SBA-15 (SBA = Santa Barbara Amorphous).[17] Both supports are synthesized
using soft templates. SBA-15 is synthesized using nonionic surfactants, specifically amphiphilic triblock
copolymers, while MCM-41 is synthesized using cationic surfactants, specifically quaternary ammonium
salts.
By varying the ratio of surfactant to silicon precursor, the structure of the resulting material can be
influenced. MCM-41 has an ordered hexagonal structure and is produced when the ratio is less than 1,
MCM-48 is produced when the ratio is greater than 1 and has an ordered cubic structure, and MCM-50 is
produced at ratios much greater than 1 and has an ordered lamellar structure. These three different
structures of MCM materials are shown in Figure 7.[18]
Similar to MCM materials, several different structures of SBA materials have been identified. SBA-15 has
an ordered 2-dimensional hexagonal structure, SBA-2 and SBA-12 have ordered 3-dimensional hexagonal
structures, SBA-1, SBA-16 and SBA-11 all have ordered 3-D cubic structures.[19]
Metal cations can be incorporated into the framework of templated mesoporous silicas such as SBA15[20] and MCM-41[21] during synthesis, which is known to result in the production of high surface area
heterogeneous catalysts. Similar to basic sol-gel process, there is little if any control of the dispersion of
the metal cations in these materials.
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Figure 6: Illustration of a templating process using a soft template.[22]

.
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Figure 7: Illustration of the pore structure of three MCM materials (left- MCM-41, center- MCM-48, and rightMCM-50).[18]
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NONHYDROLYTIC SOL-GEL
A nonhydrolytic sol-gel process occurs when the oxygen donor is not water and more specifically water is
not present at any point during the process. Similar to hydrolytic sol-gel processes both metal oxides and
mixed metal oxides can be synthesized using nonhydrolytic sol-gel processes. Metal precursors are
typically linked together via a condensation reaction between two different metal precursors bearing two
different functional groups by eliminating a small organic molecule. A nonspecific reaction can be seen in
equation 8.
𝑀 − 𝑂𝑅 + 𝑋 − 𝑀 ↔ 𝑀 − 𝑂 − 𝑀 + 𝑅𝑋

Eq. 8

M-OR is a metal alkoxide and M-X can be a metal alkoxide, metal halide or a metal carboxylate.
Nonhydrolytic sol-gel process may be classified according to the nature of the metal precursor (halide,
alkoxide, etc.), the nature of the oxygen donor (alkoxide, alcohol, ether, etc.) or the nature of the
predominant molecule eliminated (alkyl halide, ether, ester, etc.). One of the key advantages of
nonhydrolytic sol-gel processes is that the condensation reactions are usually irreversible.
One
shortcoming is the necessity for the complete exclusion of water, which means moisture-sensitive
techniques are required for these syntheses. Nonhydrolytic sol-gel processes provide a variety of
condensation reactions that can be used to synthesize porous metal oxides and mixed metal oxides.
However, nonhydrolytic sol-gel processes suffer from the same problems as sol-gel processes. The
number of linkages that a metal cation forms to a support as well as the dispersion of the surface
functionality on the support and the metal cations throughout the support are not easily controlled using
nonhydrolytic sol-gel processes. Also, the nonhydrolytic sol-gel process offers little control of the surface
area and porosity of the final material. Nonhydrolytic sol-gel processes can be used to prepare
amorphous porous materials but they are not ideal for the preparation of tailored heterogeneous
catalysts.
HYDROTHERMALLY PROCESS
Hydrothermal synthesis refers to high-temperature reactions involving water in sealed reaction vessels
above ambient temperature and pressure. Zeolites are examples of the materials prepared using
hydrothermal processes. Zeolites are among the most important materials in the chemical industry with
a multitude of technical applications which includes heterogeneous catalysis. Zeolites are crystalline
silicates built from SiO4 tetrahedral that are arranged in such a manner that the pores present in these
materials are of molecular dimensions. Typically, the pores found in zeolites have diameters in the range
of 4-12 Å. Each zeolite structure type features a unique micropore system with the sizes and shapes of
the micropores being defined exclusively by the crystal structure of the matrix. Currently, more than 170
different zeolite structure types are known. Figure 8 illustrates the pores and molecular scaffolding in
two common zeolite structure types, BEA and MFI. Zeolites can be used as either supports or
heterogeneous catalysts. One major drawback of zeolites is that they are microporous materials, which
limits the range of substrates and reactions that are possible.[23] For example, titanium silicalite-1, TS-1,
(Ti in MFI type zeolite, pore diameter = 5.5 Å) readily catalyzes the epoxidation of 1-hexene in aqueous
H2O2 but does not catalyze the epoxidation of cyclohexene. Cyclohexene is too large to fit into the pores
of TS-1 and consequently, cannot be epoxidized using TS-1.
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Figure 8: Illustration of two types of zeolite structures (left-BEA and right- MFI) (Figure was reproduced from [24]).
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Although zeolites can suffer from mass transport problems due to their microporosity, zeolites are widely
used in the chemical industry. The hydrothermal processes used to produce zeolites require harsh
temperatures and pressures, which provide little synthetic control. Additionally, the number of linkages
that a metal cation forms to a support, as well as the dispersion of the surface functionality on the support,
and the metal cations throughout the support are not easily controlled using hydrothermal processes.
Finally, the hydrothermal processes offer little control with which to target specific surface areas and
porosities in the final materials. Therefore, hydrothermal processes are not broadly applicable to the
preparation of many desirable advanced engineered solid materials.
SUMMARY OF EMBEDDED SITES
In order to prepare advanced engineered materials with embedded active sites, one must be able to
prepare identical active sites throughout the matrix. These active sites must have the same number of
linkages to the support. Furthermore, the surface area of the support and the dispersion of the surface
functionality must be controlled during synthesis. None of the traditional syntheses for preparing
embedded active sites provide the necessary synthetic control for creating single site engineered
materials in a targeted manner.
TRADITIONAL SYNTHESES FOR CREATING SURFACE SITES
Traditional methods used to prepare surface active sites via incipient wetness, grafting and tethering will
be discussed in the following sections. Generally, as with embedded site syntheses, these procedures are
not capable of producing single sites, but rather a mixture of surface sites.
INCIPIENT WETNESS
Incipient wetness is both simple and probably the oldest method of putting surface active site on supports.
A typical incipient wetness procedure can be accomplished in three general steps. (1) The active site
precursor is dissolved in an aqueous solution. (2) This solution is then put in contact with a porous
support. Capillary action draws the solution into the pores and distributes the active site precursor
throughout the pores. Ideally, only enough solution is used to fill the pores of the support resulting in
the precursor being evenly distributed in the pores of the support.[25] (3) The solvent is then allowed to
evaporate leaving the active site precursor within the pores of the support. The exact interactions
between the active site precursor and the support depend on the metal complex or complexes that are
formed in the solution.[26] Incipient wetness has two key limitations: (1) it is only applicable to watersoluble and water stable active sites and (2) incipient wetness produces a wide variety of sites from
atomically dispersed to macroscopic crystalline species.
GRAFTING
Grafting of metal complexes onto the surface of supports is a re-embodiment of incipient wetness where
organometallic precursors are used in which ligands are chosen specifically to react with functionality
found on the surface of the support material. For example, metal alkyls will react with surface hydroxyl
groups to form alkanes and Si-O-M bonds that are the attachment points of the metal to the support
(Figure 9). Several examples of grafted metal cations can be found in the literature.[27] An example of a
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Figure 9: Generic illustration of the grafting of a catalytically active metal center (ML6, L = hydride, alkyl, amide,
halide) onto the surface of a silica support (Figure was reproduced from[28]).
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grafting procedure is when titanium(IV) diethylamide (Ti(NEt2)4) reacts with an isolated silanol to produce
the grafted titanium species shown in Figure 10.
The immediate environment around the active site changes in incipient wetness and grafting procedures
since at least one ligand on the active site precursor reacts with the surface functionality of the support.
In many cases, after the active metal site is deposited on the surface, the material is calcined. In addition
to generating more direct linkages to the support, calcination can change the immediate environment
around the active site by destroying unreacted ligands on the active site. In most cases, the grafted active
site (post and prior calcination) will exhibit different reactivity than is observed by the active site
precursor.[8]
Incipient wetness and grafting procedures are similar in that both procedures deposit metal cations onto
the surface of a pre-existing support. As a general rule, grafting procedures produces more uniform
dispersion of active sites, but are dependent on the distribution of surface functional groups, which can
vary across a support.[29] Conversely, incipient wetness has very little control of “anything” and therefore
produces a wide variety of active sites. A drawback of incipient wetness and grafting procedures (both
before and after calcination) is the generation of multiple types of active sites is possible and generally
occurs in most cases. Those active sites will be randomly spread across the surface of the support with
little control of dispersion. Therefore, incipient wetness and grafting are not ideal for the preparation of
advanced engineered solid materials.
TETHERING
Tethering is similar to incipient wetness and grafting except for one major difference. What separates
tethering from incipient wetness and grafting is that the active site is not directly bound to the support in
tethering whereas the active site directly binds to the support in incipient wetness and grafting. In
tethering procedures, the active site is connected to the support via an additional ligand, i.e. the tether
(Figure 11). There are two parts to a tether: the linking group, often a hydrocarbon chain, and a functional
group designed to react with surface functionality. The end of the tether that is directly attached to the
active site will remain unchanged during the tethering process while the opposite end of the tether will
react with the surface functionality. In general, this method is looked at as heterogenizing a homogeneous
catalyst and therefore the tethered active site should exhibit similar reactivity to its precursor in addition
to having all of the benefits of heterogeneous catalysts.[26]
There are several disadvantages to tethering. First, the tether-to-support linkages, typically Si-C bond,
and tether-to-metal, typically metal-main group bonds, tend to be weak. Second, the tether, most often
a hydrocarbon chain is vulnerable to attack and decomposition at high temperature. Finally, it is difficult
to keep active sites isolated from one another because the tether is generally flexible enough that the
active sites can come in contact with each other if the metal loadings are not kept quite low.
Tethering provides researchers a way to secure catalyst ensembles to supports and is often used as an
approach to heterogenize a homogeneous catalyst. Although the immediate environment around the
active site does not change during a tethering procedure, tethering suffers from a lack synthetic control
with respect to the active site. The heterogeneity of the surface functionalities found on the support
20

Figure 10: Illustration of the grafting of a titanium amide species(Figure was reproduced from [28]).
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Figure 11: Generic illustration of the tethering of a catalytically active metal center onto the surface of a silica
support (Figure was reproduced from [28].)
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leads to no control of the number of linkages that a metal cation forms to a support as well as the
dispersion of the metal cations on the support.
SUMMARY OF SURFACE SITES
In order to prepare advanced engineered solid materials with surface active sites, one must be able to
control the dispersion of the active sites and the number of linkages from the active site to the support.
The heterogeneity of real world supports makes controlling the dispersion of the actives sites and the
number of linkages from the active site to the support difficult. Therefore, none of the traditional
syntheses for preparing surface sites described above provides the necessary synthetic control to reliably
and generally achieve the goal of advanced engineered solid materials.
SUMMARY OF TRADITIONAL SYNTHESES
The traditional synthetic methods mentioned in the above sections have all been used to prepare a variety
of metal sites within or on supports. However, each of these methods illustrates some of the challenges
facing the scientific community. These challenges include the lack of synthetic control with respect to
the active site ensemble, the surface functionalities present on a support, the surface area of the support,
and the porosity of the support. Therefore, a new synthetic methodology is required to produce a new
generation of advanced engineered solid materials. The dispersion of surface functionalities, the
dispersion of the active sites, the number of linkages from the active sites to the support, the surface area,
and the porosity must be controlled in the new methodology.
A NOVEL SYNTHETIC METHODOLOGY
Over the past decade, the Barnes group has developed a methodology that focusses on for the synthesis
of defined geometry, single-site metal centers that are atomically dispersed within porous support
matrices such as amorphous silicates. The methodology involves a synthetic strategy referred to as
sequential additions with nanometer-sized building blocks. In this approach, rigid, well defined,
chemically robust, molecular building blocks are used to build the support matrix in a controlled fashion
rather than using a preexisting support or building the support atom-by-atom. This approach allows for
the synthesis of a variety of materials with single-site metal centers that have targeted connectivities to
the matrix. Generally speaking, this synthetic approach requires three components: a molecular building
block, linking agents, and a cross-linking reaction.
THE MOLECULAR BUILDING BLOCK
Building blocks form the majority of the matrix. When cross-linked together, they create a rigid, and
chemically robust matrix that allows for the creation of isolated, single-site metal centers. Building blocks
that are nanometer-sized or greater will make it easier to ensure that catalytic centers remain chemically
isolated from one another and non-interacting. Linking points on the building block that are fixed in space
and that are well separated from one another will also help ensure site isolation. In the work described
here, each building block contains a silicate cubic core with the molecular formula of Si8O20 (Figure 12).
This silsesquioxane core is then functionalized on each corner allowing the building blocks to be linked
together to construct the desired matrix vide infra. Although it is possible to functionalize these building
blocks in a variety of ways,[30] the synthetic methodology required for the group’s synthetic strategy
involves the use of a trimethyltin group bound to the terminal oxygen off each silicon corner of the cube.
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Figure 12: a) Illustration of the structure of the building block Si8O12(OSnMe3)8. Silicon atoms are purple, oxygen
atoms are red, tin atoms are green, and methyl groups are gray. b) Illustration of the core structure of the building
block Si8O12(OSnMe3)8.[31] Silicon atoms are light blue and oxygen atoms are red.
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Previous work in the Barnes group has found that oxo trimethyltin groups have several advantages as a
functionalization of the building block. First, oxo trimethyltin group reacts cleanly and irreversible with
high valent metal and main group chloride complexes to produce the volatile compound trimethyltin
chloride with the concomitant formation of desired M-O-Sicube link. Additionally, trimethyltin chloride can
be quantitatively removed by mild heating under vacuum allowing for a gravimetric analysis of the
reaction. The complete structure of the building block can be seen in (Figure 12). This structure will be
henceforth referred to as trimethyltin cube and has a chemical formula of Si8O12(OSnMe3)8.
THE LINKING AGENTS
As mentioned above, trimethyltin groups rapidly react with a variety of high valent metal and main group
halides, which as you would expect are selected as the linking agents. This reaction is favored due to the
oxophilic nature of high valent metal and main group halides. Equation 9 illustrates a general linking
reaction. Metal and main group chlorides are convenient linking agents because acceptable quantities of
high purity material are commercially available and are generally inexpensive. Care must be taken when
handling and storing these materials because of their hydrolytic sensitivity. Standard air sensitive (inert
atmosphere glovebox and Schlenk line) techniques are required. The linking agents can be divided into
two types: those that insert the catalytic active centers into the material and those that insert more silicon
into the material, referred to as inert linking agents. Table 1 shows linking agents that have been studied
with Si8O12(OSnMe3)8 by the Barnes group to date.
≡ 𝑆𝑖 − 𝑂 − 𝑆𝑛𝑀𝑒3 + 𝑀 − 𝐶𝑙 → ≡ 𝑆𝑖 − 𝑂 − 𝑀 + 𝐶𝑙 − 𝑆𝑛𝑀𝑒3

Eq. 9

THE CROSS-LINKING REACTION
A simple nonhydrolytic sol-gel linking reaction between the “tin cube” and PCl5 was first reported by
Feher.[32] This linking reaction is run in anhydrous organic solvents at temperatures ranging between
20°C and 80°C for less than 24 hours. In each linking reaction, a linking agent (discussed above), and the
trimethyltin cube reacts to produce a new siloxane linkage (M-O-Si (M = metal or Si)) and trimethyltin
chloride. This process will continue until all the chloride ligands on linking agent are consumed or a
chloride ligand becomes unreactive as more M-O-Si bonds are formed to the metal center. The first
chloride ligand on the linking agent is thought to react upon contact with solutions of the trimethyltin
cube. The rate of reaction of each subsequent chloride ligand decreases as more chloride ligands
react.[33] Generally, it has been found that all of the chloride ligands will react with any accessible
trimethyl tin group within 24 hours. Preliminary results also indicate that upon phase separation of the
growing cross-linked product the reaction is complete. However, more studies are needed to confirm and
quantify this statement. Under non-aqueous conditions, trimethyltin chloride is only produced when a
building block reacts with a linking agent. The linkages that formed are irreversible, which means that the
Si-O-M linkages are stable under the reaction conditions employed. This results in the formation of porous
amorphous silicate materials.
In each cross-linking reaction, a linking agent, and the trimethyltin cube react together to produce M-OSi (M = metal or Si) links and trimethyltin chloride (Fig). After all the cross-linking reagent is consumed,
the solid residue is isolated by removing the solvent and volatile byproduct, trimethyltin chloride, under
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Table 1: List of inert and catalytically active linking agents.

Inert linking agents

Catalytically active linking agents

SiCl4

W6+---

WCl6, WOCl4, WO2Cl2

SiCl4py2

V5+---

VOCl3

HSiCl3

Zr4+---

ZrCl4

MeSiCl3

Ti4+---

TiCl4, Ti(OiPr)Cl3, Ti(OiPr)2Cl2 Ti(OiPr)3Cl, [(Et)2N]4Ti, TiCl4py2

Me2SiCl2

V4+---

VCl4

Me3SiCl

Sn4+---

SnCl4, BuSnCl3, Bu2SnCl2

B3+---

BBr3

Al3+---

AlCl3

Ga3+---

GaCl3

P3+---

PCl3

Au3+---

AuCl3py
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vacuum. If the linking reaction occurs as expected and no side reactions occur, then the measured weight
loss is directly related the amount of trimethyltin chloride produced. The amount of trimethyltin chloride
produced during each cross-linking reaction is related to the connectivity (number of linkages to the
support) achieved by the metal or silicon center.
THE SEQUENTIAL ADDITION STRATEGY
A synthetic strategy of sequential additions was developed to target and achieve specific connectivities
from metals in these building block matrixes. The method of sequential additions relies on both the
sequence and the size of doses of different linking agents in the above synthetic approach. Two major
types of assemblies can be synthesized using this method: embedded and surface sites. Figure 13
illustrates the dosing strategies used to synthesize the two types of assemblies.
Embedded assemblies within a silicate building block support are obtained when a limiting amount of
linking agent is initially reacted with the trimethyltin cube. All of the chloride ligands on the linking agent
should react forming the maximum number of linkages to the building block support. Following this first
cross-linking reaction, the structure will consist of small oligomeric species and possibly unreacted
building blocks (Figure 14). These small oligomers will contain the linking centers with the maximum
number of linkages to the support and the immediate environment and connectivity around every linker
should be identical. These small oligomeric species and trimethyltin cubes are subsequently be exposed
a second dose of an inert linking agent such as which will link the oligomers and building blocks together
to produces a rigid polymeric structure with porosity. This porosity, created during the second crosslinking reaction, can be tailored by simply adjusting the ratio of inert linking agent to trimethyltin cube.
Following the second cross-linking reaction, the final matrix contains metal centers dispersed throughout
the silicate support and in which immediate environment around every metal center should be identical
and remain unchanged from the first cross-linking reaction.
Surface assemblies on a silicate building block support may be obtained by reversing the sequence of
linking reactions. First, an initial silicate support is synthesized using trimethyltin cube and an inert linking
agent such as a silyl chloride in limiting amount. The porous silicate support that is formed will have some
unreacted trimethyltin groups still present due to the use of limiting amounts of inert linking agent. The
number of trimethyltin groups that remain and the porosity generated during the first cross-linking
reaction can be tailored by simply adjusting the ratio of the inert linking agent to building block. If a large
enough dose is used, the matrix should be rigid and the remaining trimethyltin groups will be well
separated on the support diminishing the probability of multi-linked species being formed when a second
linking agent is delivered, regardless of the size of the dose. Thus, when a second metal-based linking
agent is introduced the subsequent reaction with trimethyltin groups then leads to isolated, “oneconnected” surface assemblies.
SUMMERY OF OUR NOVEL SYNTHETIC STRATEGY
The above synthetic strategy applies a building block methodology to a sequential addition strategy. As a
result, it is capable of produce both embedded and surface single site species and can be applied to a
variety of advanced engineered materials. This work will focus on its application to heterogeneous
catalysis
27
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catalyst sites

Catalyst Nanostructuring Strategy
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MClX
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M
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M
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M
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Figure 13: Illustration of the method of sequential additions synthetic strategy. (Figure was reproduced from [28]).
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Si8O12(OSnMe3)8
Si
Cl
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Ti
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Si
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Me3SnCl

Si
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O
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n
Figure 14: a cross-linking reaction with a limiting amount TiCl4 and Trimethyltin cube, producing
small oligomers of embedded titanium sites.
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and the synthesis gas storage media. From the perspective of heterogeneous catalysis, higher
connectivities around the metal sites are generally favored over that of lower connectivities, as these sites
are considered to be more stable towards leaching. In gas storage and separation applications, however,
low connectivities are favored, creating more open sites for the binding of gas molecules.
CHARACTERIZATION METHODS
Amorphous systems like the ones described in this dissertation can be quite difficult to characterize due
to lack of long range order. The two most commonly used techniques for analyzing solid crystalline
materials with metal centers, x-ray crystallography, and solution state NMR techniques, are not available.
Despite these challenges, there are several methodologies which can be used to probe the properties of
the titanosilicates described here. Gravimetric analysis, Fourier Transform Infrared spectroscopy (FTIR),
BET surface area analysis, and X-Ray Adsorption spectroscopy (XAS), X-Ray Photoelectron Spectrometry
(XPS), Atomic Absorption (ICP), Diffuse Reflectance Infrared Fourier Transform Spectrometry (DRIFTS),
and Raman Spectrometry each contribute pieces of information which help determine the properties of
a sample. By selecting a number of these techniques and combining the information gained from each a
picture of the local environment surrounding an active site may be pieced together. Furthermore, the
characteristics of the macrostructure in which the titanium sites are located are also needed. It is
important to use as many complementary lines of evidence as possible when characterizing amorphous
materials, as no one technique gives all information needed to obtain a clear understanding of the
material and specifically the active sites that are present. The following section discusses characterization
techniques use in this dissertation.
GRAVIMETRIC ANALYSIS
Measuring the weight change that occurs following the linking reaction given by equation 10 gives
gravimetric data that provides two types of information about the reaction and resulting material. (1) It
directly defines the overall reaction stoichiometry. (2) It indirectly defines the local environment around
the metal or silicon center. The exact connectivity for a site is obtained in cases when either only one or
all of the chloride ligands on the linking agent react with trimethyltin groups. When gravimetric data
indicate that the connectivity achieved by the linking agent is intermediate, between one and the
maximum, then the gravimetric connectivity number represents the average for the distribution of
centers present in the material.
𝑚𝑜𝑙𝑠 𝑜𝑓 𝑀𝑒3 𝑆𝑛𝐶𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑚𝑜𝑙𝑠 𝑜𝑓 𝑙𝑖𝑛𝑘𝑖𝑛𝑔 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

= 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦

Eq.

10
The following example illustrates a typical gravimetric analysis for a cross-linking reaction between SiCl4
and Si8O12(OSnMe3)8 (2.5 SiCl4 : 1.0 Si8O12(OSnMe3)8).
The mass of Si8O12(OSnMe3)8 used (1.000 g ± 0.01 g) is determined by the weight difference between the
reaction vessel with Si8O12(OSnMe3)8 under vacuum and the empty reaction vessel under vacuum. The
mass of SiCl4 used (0.229 g ± 0.01 g) is determined by the weight difference between the SiCl4 capillary
tube source before and after vapor transfer. SiCl4 and Si8O12(OSnMe3)8 react to form one equivalent of
Me3SnCl for every new siloxane bond formed. The volatile byproduct trimethyltin chloride, Me3SnCl is
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completely removed from the reaction vessel under dynamic vacuum and cryogenically trapped at 100°C
for 18 hours. Proton NMR showed evidence of only solvent and trimethyltin chloride (0.68 ppm, CDCl3),
indicating the reaction proceeded as expected. The mass of the solid residue (0.536 g) is determined by
the weight difference between the reaction vessel after the volatiles are removed under vacuum and the
empty reaction vessel under vacuum. The weight difference between the reactants (1.000 g
Si8O12(OSnMe3)8 and 0.229 g SiCl4) and products (0.536 g solid residue) equals the amount of Me3SnCl
produced (0.693 g). If all of the chlorides of SiCl4 react then 1.074 g of Me3SnCl would be produced. The
connectivity (i.e. the number of chloride ligands that reacted or the number of new siloxane bonds
formed) is determined from the equation below.
mols of Me3 SnCl
= 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
mols of Si𝐶𝑙4
3.478 mmol of Me3 SnCl
= 2.6 ± 0.1 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
1.348 mmol of Si𝐶𝑙4

POROSITY MEASUREMENTS
Gas adsorption and desorption methods are often used to assess the surface area, total pore volume, and
pore size distribution of porous materials. The following provides a brief introduction to
adsorption/desorption isotherms and hysteresis loops, Brunauer-Emmett- Teller (BET) surface area, and
total pore volume determination. Nitrogen adsorption/desorption data for Davisil® silica gel is presented
to illustrate the concepts and calculations that are discussed in this section
ADSORPTION/DESORPTION ISOTHERMS AND HYSTERESIS LOOPS
The absorption/desorption measurement involves dosing a known amount of sample with a known
amount of nitrogen. During the measurement, the instrument doses a known amount of nitrogen into a
known volume with a sample. The instrument then allows equilibrium to be reached and measure
relative pressures, P/P0. The data collected by the instrument are the volume of nitrogen adsorbed, Vads,
at varying relative pressures, P/P0 which, when graphically represented, are referred to as an
adsorption/desorption isotherm. There are six different isotherms types or categories, which are
presented in Figure 15. Type I isotherms are concave to the x-axis exhibiting prominent adsorption at low
relative pressures with the amount adsorbed, Vads, leveling off as P/P0 approaches 1. Type I isotherms are
observed for microporous materials. Type II isotherms are concave to the x-axis at low relative pressures
then increase linearly and are convex to the x-axis at high relative pressures. Type II isotherms are given
by non-porous or macroporous adsorbents. Type II isotherms represent unrestricted monolayermultilayer adsorption. Type III isotherms are convex to the x-axis over the entire P/P0 range. Type IV
isotherms are concave to the x-axis at low relative pressure, exhibiting prominent adsorption, followed
by leveling off at high relative pressures. A characteristic of Type IV isotherms is the presence of a
hysteresis loop, which is associated with capillary condensation taking place in mesopores. Type V
isotherms visually appear to be similar to Type III isotherms at low P/P0 and Type IV at high P/P0. Type VI
isotherms are characterized by a series of adsorption “steps” over the relative pressure range. Type VI
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Figure 15: IUPAC adsorption/desorption isotherm classifications (Figure was reproduced from [34]).
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isotherms are observed for samples that exhibit stepwise multilayer adsorption on a uniform nonporous
surface. The height of each step represents the monolayer capacity for each adsorbed layer.
Table 2 below summarizes the key characteristics of each type of IUPAC adsorption/desorption isotherm.
The hysteresis loops appearing between 0.4 – 0.8 P/P0 of many isotherms are associated with capillary
condensation in mesopores. The IUPAC classifies hysteresis loops into one of four types, which can be
seen in Figure 16. H1 hysteresis loops are characterized by parallel and nearly vertical adsorption and
desorption branches. H1 hysteresis loops are often associated with porous materials known to exhibit
relatively high pore size uniformity. H2 hysteresis loops have a triangular shape with a steep desorption
branch. Many porous adsorbents such as inorganic oxide gels and porous glasses tend to exhibit H2
hysteresis loops. In these systems, the distribution of pore size and shape is broad and not well-defined.
H3 hysteresis loops do not exhibit any limiting adsorption at high P/P0 and are observed with slit-shaped
porous materials, such as aggregates of plate-like particles. H4 hysteresis loops exhibit parallel and almost
horizontal adsorption and desorption branches. H4 hysteresis loops have been associated with narrow
slit-like pores and the presence of large mesopores embedded in a matrix with pores of much smaller size.
[35]. Table 2 summarizes the key characteristics of each type of hysteresis loop.
Figure 17 displays the nitrogen adsorption/desorption isotherm for Davisil® silica gel. At low P/P0, the
isotherm is concave to the x-axis, has gradually increasing uptake over a range of high P/P0, and has a
hysteresis loop. The isotherm is classified as Type IV. The hysteresis loop is classified as Type H1 even
though the branches are not absolutely parallel or vertical. Davisil® silica gel is known to be a mesoporous
silica gel and the information obtained from the nitrogen adsorption/desorption isotherm is consistent
with that classification.
BRUNAUER-EMMETT-TELLER (BET) SURFACE AREA
The Brunauer-Emmett-Teller (BET) method is generally considered the standard procedure for the
determination of the surface area of porous materials. The BET method is based on the five following
assumptions: (1) the surface is flat, (2) all adsorption sites exhibit the same adsorption energy, (3) there
are no lateral interactions between adsorbed molecules, (4) the heat of adsorption for all molecules
except for the first layer is equal to the heat of condensation, and (5) an infinite number of layers can
form.[36] The BET equation is seen in equation 11.
1
𝑤[(𝑃0 ⁄𝑃 )−1]

𝑐−1

𝑃

1

= (𝑊 𝑐 ) (𝑃 ) + 𝑊
𝑚

0

𝑚𝑐

Eq. 11

In equation 11, P/P0 is the reduced pressure. c is the BET constant, and is related to the energy of
desorption in the first adsorbed layer and indicates the magnitude of the adsorbent/adsorbate
interactions, w is the total adsorbed quantity of gas at the given reduced pressure, and Wm is the
monolayer adsorbed gas quantity (extracted from the isotherm plot). As previously mentioned the raw
experimental data obtained is Vads vs P/P0 so some calculations are required to obtain the weight of gas
adsorbed at a given relative pressure. The ideal gas equation is used to determine w.
A linear plot is obtained when the BET transform is plotted versus p/p0. Most instruments will
automatically calculate the BET transform, but it is important to understand how it is determined.
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Figure 16: IUPAC hysteresis loop classifications (Figure was reproduced from [34]).
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Table 2: Summary of the key characteristics of each type of adsorption/desorption isotherm.

Isotherm Type

Key Characteristics

Comments

Type I

Prominent adsorption at low P/P0, levels off at high
P/P0

Microporous material

Type II

Concave at low P/P0, Linear in the middle of the P/P0
range, Convex at high P/P0

Macroporous material

Type III

Convex over the entire P/P0 range

Uncommon

Type IV

Concave at low P/P0, Hysteresis loop, Levels off at high
P/P0

Mesoporous material

Type V

Similar to Type III at low P/P0, Similar to Type IV at high
P/P0

Uncommon

Type VI

steps
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Figure 17: Nitrogen adsorption/desorption isotherm for Davisil® silica gel (the blue diamonds correspond to
adsorption branch and the pink squares correspond to the desorption branch).
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BET transform =

1
⁄
𝑤[(𝑃0 𝑃 )−1]
𝑐−1

slope = 𝑊

Eq. 12
Eq. 13

𝑚𝑐

1

Intercept = 𝑊

Eq. 14

𝑚𝑐

This plot typically deviates from linearity outside of the P/P0 range of 0.05 to 0.35.[36] This linear region
is shifted to lower relative pressures for microporous materials.
The weight of adsorbate constituting a monolayer of surface coverage (Wm) and the BET c constant can
be determined from the slope and intercept of the BET plot (BET Transform vs P/P0).
1

𝑊𝑚 = slope+intercept

Eq. 15

slope

𝑐 = 1 + intercept

Eq. 16

Once Wm has been determined, the BET surface area can be determined using the following equation:

BET surface area = 𝑆𝐵𝐸𝑇 =

𝑊𝑚 𝑁𝐴𝑐𝑠
𝑀

Eq. 17

In equation 17, N is Avogadro’s number (6.023x1023 molecules/mol), M is the molecular weight of
adsorbate, Acs is the cross-sectional area of the adsorbate, typically nitrogen is used with a Acs value of
16.2 Å2 for a monolayer at 77K.
The following section is an example calculation for Davisil® silica gel presented in Figure 17. This section
will be used to illustrate how the BET surface area is determined from a BET plot. The slope and intercept
of the linear regression are 6.64 gmaterial/gnitrogen and 0.0988 gmaterial/gnitrogen respectively. These values are
used to determine Wm and the BET c constant for Davisil® silica gel. Wm is then used to determine the
BET surface area for Davisil® silica gel which is consistent with the value given by the manufacturer (SigmaAldrich, 480 m2/g).

𝑊𝑚 =

𝑔𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
1
1
=
=
0.148
slope + intercept 6.64 𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 0.0988 𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑔𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
𝑔𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
𝑔
6.64 𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
slope
𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
𝑐 = 1+
=1+
= 68.2
𝑔
intercept
0.0988 𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛

𝑆𝐵𝐸𝑇

𝑔𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑚2
(0.148 𝑔
) (6.023 × 1023
)(16.2 × 10−20
)
𝑚2
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
=
=
516
𝑔𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛
𝑔
28.01
𝑚𝑜𝑙𝑒
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TOTAL PORE VOLUME
The total pore volume calculates the total volume of porosity in a material. The total pore volume of a
given adsorbent can be calculated from the amount adsorbed at a relative pressure close to the saturation
vapor pressure simply by converting the amount adsorbed to the corresponding volume of liquid
adsorbate at the temperature of the adsorption measurement. The volume of liquid adsorbate at the
temperature of the adsorption measurement is determined using the following equation:

Total pore volume = 𝑉𝑙𝑖𝑞 =

𝑃𝑎 𝑉𝑎𝑏𝑠 𝑉𝑚
𝑅𝑇

Eq. 18

In equation 18, Pa is ambient pressure (atms), T is temperature (Kelvin), Vm is the molar volume of liquid
adsorbate (34.7 cm3/mol for N2), and Vads is the amount adsorbed at a relative pressure close to the
saturation vapor pressure (P/P0 =0.99) for Davisil® silica gel is 484 cm3/g (Vads). Substituting these values
into the above equation gives the total pore volume for Davisil® silica gel, which is consistent with that
given by the manufacturer (Sigma-Aldrich, 0.750 cm3/g).

𝑉𝑙𝑖𝑞

𝑐𝑚3
𝑐𝑚3
(0.998 𝑎𝑡𝑚)(484 𝑔 )(34.7
)
𝑐𝑚3
𝑚𝑜𝑙𝑒
=
= 0.748
𝑐𝑚3 𝑎𝑡𝑚
𝑔
(82.057
)(273 𝐾)
𝑚𝑜𝑙𝑒 𝐾

INFRARED SPECTROSCOPY
Infrared (IR) spectroscopy is a spectroscopic technique used to study the vibrational and rotational modes
of a sample. IR is commonly used to characterize amorphous systems like the ones discussed here.
Assigning IR features are fairly straightforward as references spectra are abundant in the literature. Some
of the common vibrational modes of metal oxides and mixed metal oxides that are identified using IR
spectroscopy include νsym(Si-OSi), ν(Si-OH), and ν(M-O-Si) where M = Ti, V, Mo, Sn, Zr, W, etc. The IR
spectrum of the trimethyltin functionalized building block Si8O12(OSnMe3)8, is shown in Figure 18 with the
main IR features labeled as an example.
CONCENTRATION DETERMINATION USING PROBE MOLECULES
The use of probe molecules to investigate the concentration, strength, and accessibility of particular sites
on materials has become common practice in the characterization of the surfaces of materials. Identifying
the concentration, strength, and accessibility of the acid sites in heterogeneous catalysts is of great
importance.[37,38] All three of these properties influence the catalytic activity of the heterogeneous
catalysts. The IR spectrum of pyridine absorbed on acidic heterogeneous catalysts can be used to identify
the types of acid sites present in the material. Pyridine is an excellent probe molecule which allows one
to distinguish between BrØnsted and Lewis acidic sites. Metal cations in heterogeneous catalysts act as
Lewis acidic sites while surface metal hydroxyl groups are sometimes able to protonate probe molecules,
thus acting as BrØnsted sites.[37] As seen in Figure 19, pyridine coordinately binds to Lewis acidic sites,
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Figure 18: IR spectrum (400-2000 cm-1) of the silicate building block Si8O12(OSnMe3)8 with the vibrational
frequencies and modes labeled. The inset contains the entire IR spectrum (400-3400 cm-1).
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Figure 19: Illustration of the types of pyridine interactions with acidic sites found in heterogeneous catalysts.[x]
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forms hydrogen bonds to silanols, and is protonated by BrØnsted sites forming the pyridinium ion. The
ring vibrations of pyridine produce characteristic patterns in the IR spectrum between 1400 and 1700 cm1
depending on the type of pyridine interactions present. An IR feature at ~1450 cm-1 is characteristic of
Lewis acidic sites, one at ~1540 cm-1 is characteristic of BrØnsted acidic sites, and one at ~1590 cm-1 is
characteristic of silanols.[38]
Sterically hindered alkyl substituted pyridines such as 2, 6-di-tertbutyl-pyridine can also be used as probe
molecules to study the accessibility of acidic sites within heterogeneous catalysts.[39] The use of probe
molecules of different base strengths allows for the investigation of the strength of the acid sites via
desorption studies. In general, stronger acid sites will bind weaker basic probe molecules than weaker
acid sites. Additionally, stronger acid sites desorb basic probe molecules at higher temperatures than
weaker acid sites. Other IR probe molecules include ammonia, aliphatic amines, nitriles, benzene,
substituted benzenes, and carbon monoxide.
X-RAY ADSORPTION SPECTROSCOPY
X-ray Absorption Spectroscopy, XAS, is an element specific averaging spectroscopic technique that probes
the immediate environment (~6 Å) around the absorbing element and provides both structural and
electronic information about the element. XAS can be used to characterize a variety of materials, both
crystalline and amorphous. XAS has proven to be an especially powerful characterization tool in several
areas of chemistry, biology, and material science where crystalline materials are impossible to obtain or
samples are inherently amorphous, such as those found in this dissertation. XAS has been used
extensively to characterize heterogeneous catalysts.[40,41] The following will provide a brief introduction
to XAS, the collection of XAS data, and the analysis of XAS data. A more in-depth discussion of XAS can
be found in XAFS for Everyone.[42]
THE FUNDAMENTALS OF X-RAY ABSORPTION SPECTROSCOPY
X-ray absorption occurs when an atom absorbs a photon of the appropriate energy which results in the
excitation of core electrons into the continuum where the electron is no longer associated with the atom
(Figure 20). The resulting core-hole is then filled by an electron from a higher energy orbital which
produces fluorescence radiation. Table 3 summarizes the nomenclature for specific X-ray absorption
edges and Figure 21 shows energies of edges for the elements according to their atomic number (Z).
XAS may be divided into two distinct areas: X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) (Figure 22). The XANES portion (approximately -50 to +100 eV
relative to the absorption edge energy) of an X-ray absorption spectrum includes any pre-edge features,
the absorption edge itself, and other features on or just above the absorption edge (Figure 23).
Pre-edge features refer to features below the absorption edge that are the result of transitions between
two bound states (generally s to d transitions) of the atom. These bound transitions must adhere to the
selection rules for electric dipole transitions. The presence and intensities of pre-edge features are
sensitive to the symmetry around a metal site. For example, the ground states of a Ti(IV) d0 center in
octahedral or tetrahedral environments are A1g and A1 respectively.[43] The pre-edge feature observed
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Figure 20: Illustration of X-ray absorption and fluorescence.
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Table 3: Summary of the nomenclature for specific X-ray absorption transitions (X-ray absorption edges).

Edge

Excited Core Electron

K

1s

LI

2s

LII

2p1/2

LIII

2p3/2
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Figure 21: Plot of X-ray absorption energies as a function of atomic number.
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EXAFS
1.18

XANES

0.98

Absorbance

0.78

0.58

0.38

0.18

-0.02
4915

4965

5015

5065

5115

5165

Energy (eV)

Figure 22: Representative XAS spectrum (Ti K-edge) divided into two distinct areas: XANES and EXAFS.
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Figure 23: Representative XANES spectrum (Ti K- edge) for a tetrahedral Ti(IV) center in a silicate matrix.
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below the Ti edge in Figure 23 is assigned to the 1s to 3d transition. When the Ti(IV) site has octahedral
(Oh) symmetry, the direct product for the electronic transitions does not contain A1g so the electronic
transitions are Laporte forbidden. As a result, the pre-edge feature is not observed or of very low relative
intensity when the Ti(IV) sites have octahedral symmetry. When the Ti(IV) site have tetrahedral (Td)
symmetry, the direct product for the electronic transitions does contain A1 so the electronic transitions
are Laporte allowed. As a result, a strong pre-edge feature is usually observed when the Ti(IV) site have
tetrahedral symmetry.
Pre-edge features are generally only observed at the K and LI edges of an absorbing atom with the
appropriate symmetry and unoccupied valence orbitals. For example, XAS spectra collected at the tin Kedge does not exhibit pre-edge features because the Sn d-orbitals are occupied. At the same time, XAS
spectra collected at the tungsten LIII edge do not exhibit pre-edge features because core s electrons are
not being excited. The intensity, width, and position of the pre-edge feature can provide information
about the coordination geometry and the oxidation state of the absorbing atom.[43] Figure 24
demonstrates an example of this relationship between the intensity of the pre-edge versus the position
of the pre-edge feature for four-coordinated, five-coordinated, and six-coordinated Ti observed in a
number of titanium oxides.[44] Additionally, examples illustrating the relationship between the pre-edge
features and the coordination geometries and/or oxidation states of the absorbing atom can be found
throughout the literature.[45,46]
The absorption edge, E0 (generally defined as the point of inflection of the absorption edge) can provide
information about the oxidation state of the absorbing atom. Figure 25 illustrates a typical XANES
spectrum at the titanium K-edge with E0 labeled. In an atom, the positively charged of the nucleus is
shielded by the negative charge of the electrons. In an atom of higher oxidation state, the electrons are
held tighter, which causes the ionization energy defined by absorption edge to increase. Thus, an X-ray
with slightly greater energy is required to ionize a core electron. The position of the absorption edge for
an atom in a higher oxidation state is usually shifted to a higher energy relative to the neutral atom (Figure
25). Several examples illustrating the relationship between the position of the absorption edge and the
oxidation state of the absorbing atom are present in the literature.[45,47]
X-ray absorption threshold resonances, also known as white lines, generally refer to features on the
absorption edge that are the result transitions between two bound states similar to those seen in preedge features. These transitions are typically p to d transitions and must adhere to the similar selection
rules as pre-edge features, although those associated with LII and LIII edges are not affected by the
symmetry around the absorbing atom. The intensity of the white line observed at the LIII edge gives
information on the occupancy of the d orbitals of the absorbing atom.[48]
The presence of other features on or above the absorption edge can provide information about certain
ligands bound to the absorbing atom as well as the coordination geometry around the absorbing atom.
For example, the presence of a shoulder on the K absorption edge of titanium, as seen in Figure 24, has
been shown to qualitatively indicate whether a chloride ligand is bound to the absorbing atom.[46]
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Figure 24: Plot illustrating how the coordination geometry of the titanium atom influences the Ti (K-edge) pre-edge
feature intensity and the position of the pre-edge feature. (Figure was reproduced from [38]).

48

Figure 25: XAS spectrum (Ti K-edge) of titanium metal with E0 marked at 4966 eV.
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Figure 26: XANES spectra (K-edge) comparing the edge position of titanium(VI) oxide, titanium(III) nitride,
titanium(II) oxide and titanium(0) foil.
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In summary, the XANES portion of an XAS spectrum is affected by the coordination geometry and
oxidation state of the absorbing atom. In most cases, assignment of these features is based upon
empirically based correlations with analogous features observed for reference compounds.
The EXAFS portion (roughly +20 to +1000 eV above to the edge energy) of an X-ray absorption spectrum
contains fine structure superimposed on the absorption edge background (Figure 27). This fine structure
is derived from backscattering of the outgoing photon by shells of neighboring nuclei around the
absorbing atom (Figure 28). The EXAFS spectrum contains both qualitative and quantitative information
about the coordination spheres around the absorbing atom in a sample. Typically the first sphere is
defined as atoms directly bound to the absorbing atom while scattering from spheres beyond the first are
defined as atoms bound to the first scattering sphere but not directly bound to the absorbing atom (Figure
28). Frequently an analytical theory is used to model the EXAFS fine structure. This theory may be used
to develop a quantitative model for the immediate environment around the absorbing atom. An in-depth
discussion on this theory and derivement can be found XAFS for Everyone.[42] The information derived
from successful modeling of EXAFS data includes the identity of backscattering atoms around the
absorbing atom, the bond/separation distance, the number of these bonds/interactions present in the
shell (i.e. coordination number), and the amount of disorder in the backscatterer shell.
COLLECTION OF XAS DATA
Tunable monochromatic X-rays are required for XAS. Furthermore, due to the attenuation of the EXAFS
signal, a high flux of these X-rays is needed to accurately measure EXAFS fine structure. For these reasons,
XAS measurements are most commonly made at synchrotron radiation facilities. In the United States,
there are three major synchrotron user facilities capable of making XAS measurements: the Advanced
Photon Source (APS) at Argonne National Laboratory, the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, and the Stanford Synchrotron Radiation Laboratory (SSRL) at Stanford
Linear Accelerator Center. A fourth major synchrotron user facility, National Synchrotron Light Source II
(NSLS-II), is currently being constructed at Brookhaven National Laboratory and is expected to be
operational for users in 2016. NSLS-II will be a new state-of-the-art, medium-energy electron storage ring
designed to deliver world-leading intensity and brightness, and will produce X-rays more than 10,000
times brighter than currently available at the NSLS.
Figure 30 presents a schematic illustration of the general experimental setup for making XAS
measurements. In general, white light from a synchrotron X-ray source passes through a tunable
monochromator producing a monochromatic X-ray beam. The beam then encounters vertical and
horizontal slits which trim it to the desired size. The beam passes through an initial ion chamber detector
Io before impacting the sample which can be perpendicular or at a 45° angle to the incoming beam. The
transmitted light passes through detector It while the fluorescence signal, Ifluor, is collected perpendicular
to I0.
XAS data collection is typically divided into four energy regions: pre-XANES (-150 to -15 eV relative to the
absorption edge), XANES (-15 to +75 eV relative to the absorption edge), EXAFS near the absorption edge
(+75 to +550 eV relative to the absorption edge), and EXAFS farther from the absorption edge (+550 to
+1000 eV relative to the absorption edge). The monochromator step size and integration time are
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Figure 27: a) XAS spectrum (Zr K-edge) showing the absorption edge background (smooth “bare atom”
background) and b) XAS spectrum (Zr K-edge) showing fine structure superimposed on the absorption edge
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Figure 28: Illustration of constructive (right side) and destructive (left side) interference, absorbing atom is blue and
the backscattering atoms are red and green.
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Figure 29: Illustration of the scattering spheres.
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Figure 30: Illustration of a typical XAS setup.

.
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typically adjusted depending on the intensity of the EXAFS signal for each energy region mentioned above,
which decreases as the energy of the X-ray beam increases above the absorption edge.
The
monochromator step size defines the spectral resolution for each energy region. The smallest possible
step size should be used through the XANES region in order to observe narrow pre-edge features and edge
structure present in this region accurately. The step size is defined by the monochromator stepper motor,
which controls the angle of a matched pair of Si crystals. Typical step sizes for the different regions are:
pre-XANES region is 5 eV, 0.3-1.5 eV for the XANES region, ~1.5-4.5 eV (0.05k) in the EXAFS near the
absorption edge region, and ~4.5-6.1 eV (0.05k) in the EXAFS farther from the absorption edge region.
The EXAFS signal decreases significantly at energies above the edge so the integration time is increased in
order to increase the signal to noise ratio of the data. A typical integration time for the pre-XANES region
is 1 s, followed by 2 s for the XANES region, 3 s in the EXAFS near the absorption edge region, and 4 s in
the EXAFS farther from the absorption edge region. The specific data collection parameters used to collect
the XAS data presented in this dissertation can be found in the experimental section of chapter 2.
ANALYSIS OF XAS DATA
In general, while XANES analysis relies comprehensively on comparisons with standards there are two
methods of X-ray absorption analysis within the EXAFS region. The first method is based on comparing
unknown spectra with those of well-characterized, physical standards. For EXAFS analysis, spectra for
physical standards can be used to make comparisons, optimize the theoretical models, and assess the
performance of the beamline. The second method involves modeling the experimental spectrum for an
unknown sample with a theoretical spectrum generated using a structural model. The theoretical
spectrum is then fit to the experimental spectrum via a non-linear least squares analysis to determine if
the structural model is accurate. Usually, a combination of these two techniques is used for EXAFS
analysis.
DISSERTATION OVERVIEW
This dissertation describes work performed over the past five years. It aims to demonstrate a novel
synthetic approach, using building block and sequential additions, to construct advanced engineered
solids applied to hydrogen storage materials and single-site heterogeneous catalysts. The materials that
are described here can also be characterized as nanostructured materials in which their atomic scale
(targeted active site) and bulk (porosity, surface area) structures are simultaneously controlled during
synthesis.
Chapter 2 describes the synthesis and characterization of these advanced engineered materials for
hydrogen storage applications. The work focuses around a series of surface titanium(IV) species
constructed using the building block and sequential addition discussed above. A porous silicate support
based on (Si8O12(OSnMe3)8 is constructed. These isolated titanium(IV) sites serve as a well-defined starting
point for a “complex” reduction, resulting in reduced titanium centers potentially capable of binding H2
reversibly. The reduction of these titanium sites should activate them for Kuba’s type interactions with
molecular hydrogen. Multiple methods for reduction of the titanium(IV) sites were attempted. A
discussion of these methods and their characteristics are presented this chapter.
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Chapter 3 describes the synthesis and characterization of nanostructured heterogeneous catalysts that
contain a single type of isolated titanium (VI) catalyst ensemble for epoxidation. The isolated titanium
(VI) catalyst ensembles are synthesized via the reaction of the silicate building block Si8O12(OSnMe3)8with
different titanium reagents (TiCl4, Ti(OiPr)Cl3, and Ti(OiPr)2Cl2). Completely embedded (4 bonds to the
matrix) titanium catalyst ensembles are synthetically targeted by reacting the silicate building block with
a limiting amount of a titanium tetrachloride. The material is further cross-linked with a
dimethyldichlorosilane resulting in a high surface area silicate support that is generated around the
embedded titanium (VI) catalyst ensembles. By altering the titanium(IV) precursors used in the first crosslinking, catalytic ensemble with different connectivities can be synthesized. This series of catalyst
ensembles were thoroughly characterized which resulted in the development of reasonably clear pictures
of the immediate environment around the titanium(VI) catalyst ensembles. Furthermore, the series of
titanium (VI) catalyst ensembles were tested in the epoxidation of cyclohexene with cumyl hydroperoxide
and found to be experimentally different from one another. This is consistent with the single site
hypothesis that is central to our research program.
The final summary and conclusions, as well as potential future work, are described in Chapter 4. The
synthetic methodology presented in this dissertation can be used to synthesize advanced engineered
solids with targeted transition metal sites. Future work may focus on the incorporation of metal clusters
into the silicate building block matrices, the investigation of a variety of catalytic reactions using
nanostructured heterogeneous catalysts that contain different metal centers in silicate building block
matrices, the development of a new building block approach, and the investigation of these materials for
gas separation.
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CHAPTER 2: INVESTIGATION OF SINGLE SITE TITANOSILICATE MATERIALS
FOR HYDROGEN STORAGE
INTRODUCTION
Modern society depends on cheap and plentiful sources of energy. For more than a century, that source
of energy has come in the form of fossil fuels.[49] However, we know that the supply of coal, natural gas,
and crude oil will be exhausted in the future, and we have also learned that their use has caused and is
still causing severe damage to the earth’s atmosphere.[50,51] With these reasons in mind, new sources
of inexpensive and abundant energy must be found which are renewable and environmentally sound.
Currently, no one source can both achieve these goals and accommodate the world’s population. At the
same time, however, hydrogen, as an energy source, has great potential of contributing to the solution of
this challenging problem.
Hydrogen in many ways is an ideal fuel because it has the highest energy density of any material currently
known and only produces water as a combustion product thereby avoiding greenhouse gas emissions.[52]
Achieving the promise of hydrogen as an efficient, sustainable, and environmentally friendly fuel requires
widespread innovation and development of means of its production, storage, and use. Current models
for a hydrogen economy are comprised of five key elements - production, delivery, storage, conversion,
and application. Each is in a different stage of technological advancement. While hydrogen production
and conversion are already technologically feasible, its delivery and storage face serious challenges. For
example, due to possible hydrogen embrittlement of steel, existing natural gas transmission systems may
be unsuitable for the transportation of pure hydrogen gas.
The challenge for the production of hydrogen is finding a source that can supply the needs of a full-fledged
hydrogen economy that is not dependent on fossil fuels as a feedstock. Currently, a great deal of hydrogen
is produced from natural gas by a process called natural gas reformation. Producing hydrogen from
natural gas in sufficient quantities to power the world’s transportation needs would strain the world’s
supply of conventional methane, making natural gas as geopolitically sensitive as crude oil. Furthermore,
the production of hydrogen from natural gas also generates as much pollution and carbon dioxide per
unit of energy output as burning the gas directly. Aside from fossil fuels, sources of hydrogen include
splitting water molecules thermally[53], electrolytically[54-57], or photochemically[58,59] and reforming
carbohydrates found in biomass.[60-62] Although these nonfossil fuel methods are attractive, they
require breakthroughs in materials research to discover effective and robust catalysts that lower the
energy barrier for potential routes of hydrogen production.
To facilitate the hydrogen economy, reduce greenhouse gas emissions, and our dependence on foreign
oil, the Department of Energy (DOE) set targets for 2015 performance with regard to the storage of
hydrogen.[63] These targets are purpose driven, based on achieving similar performance and cost as
currently available for gasoline systems. Selected performance targets for 2015 and the corresponding
ultimate goals are shown in Table 4. This chapter will focus on the synthesis and characterization of novel
hydrogen storage materials.
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Table 4: Department of Energy goals for hydrogen storage in the near future. [61]

Storage Parameter
System gravimetric capacity:
usable, specific-energy from H2
(weight percent)
System volumetric capacity:
usable energy density from H2
(net useful energy/max system volume)

2015

Ultimate Goal

1.8 kWh/kg
(5.5 wt %)

2.5 kWh/kg
(7.5 wt %)

1.3 kWh/L
(0.040kg H2/L system)

2.3 kWh/L
(0.070kg H2/L system)

Durability/operability
Operating ambient temperature
Min/max delivery temperature
Cycle life (1/4 tank to full)
Minimum delivery pressure from tank:
FC = fuel cell, ICE = Internal combustion
engine

−30/60 °C (sun)
−40/85 °C
1500 Cycles

−40/60 °C (sun)
−40/85 °C
1500 Cycles

5 FC/35 ICE atm (abs)

3 FC/35 ICE atm (abs)

Charging/discharging rates
System fill time (for 5 kg)
Minimum full flow rate
Transient response 10–90% and 90–0%

3.3 min
0.015 (g/s)/kW
0.75 s

2.5 min
0.02 (g/s)/kW
0.75 s
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Hydrogen storage for transportation presents another major obstacle to the development of a hydrogen
economy. Finding a storage medium that combines a hydrogen density greater than that of the liquid
with fast kinetics allowing rapid charging and discharging is challenging. Many conventional routes and
materials have been explored and rejected as storage media because they do not meet one or more of
the criteria above. The challenge in hydrogen storage research is to find a material that satisfies three
competing requirements: high hydrogen density, reversibility of release/charge cycling at moderate
temperatures, and fast release /charge kinetics with minimum energy barriers to hydrogen release and
charge. The first requires close atomic packing and strong chemical interactions, whereas the second
requires weak interactions that are breakable at moderate temperatures, and the third requires loose
atomic packing to facilitate fast diffusion of hydrogen between the bulk and surface. The ideal hydrogen
storage material will achieve a balance between all three of these requirements. No material to date has
found this “sweet spot”. Figure 31 represents the relations between hydrogen accessibility and hydrogen
density. An optimal system would replace the fuel tank on current automobile allowing for an easy
transition from petroleum-based fuels. The material inside the system would have a strong enough
affinity for hydrogen that it would absorb significant amounts with overpressures less than 100 bar, but
would easily release the hydrogen on demand. Such materials would be driven by a pressure gradient
produced as the hydrogen was consumed. Furthermore, the system would require minimal maintenance
and would be possible to operate at filling stations similar to those used for petroleum products.

CURRENT STRATEGIES FOR HYDROGEN STORAGE
Hydrogen storage approaches presently being examined by scientists include compressed hydrogen
gas[64], cryogenic gas[65] and liquid hydrogen[66], metal hydrides[67-73], high surface area
sorbents[35,74-82], and chemical hydrogen storage media.[83-87] Figure 32 compares volumetric and
gravimetric density of the many hydrogen storage media currently being considered for use. Compressed
hydrogen gas and cryogenically stored liquid hydrogen are the most developed technologies and are
currently utilized in the demonstration vehicles of several automotive manufacturers. [88] In all current
compressed gas systems, the containment vessel accounts for 90% of the system’s mass, but lightweight
composite cylinders are presently being developed to alleviate this issue. In addition, the safety of
pressurized cylinders is also a concern. A significant drawback of cryogenic storage is the large amount of
energy needed for condensation. As a result, liquid nitrogen is used to cool hydrogen gas before
liquefaction. The large amount of energy necessary for liquefaction and the continuous boil-off of
hydrogen limits the possible uses of liquid hydrogen storage systems to applications where the cost of
hydrogen is not an issue and the gas is consumed in a short time.
Metal Organic Frameworks (MOFs) have attracted attention recently as a possible hydrogen storage
media because of their exceptionally high specific surface areas (1000-3000m2/g) and chemically-tunable
structures. MOFs absorb hydrogen within their vast internal network of surface area in a process known
as physisorption. Physisorption is a Van der Waals interaction between hydrogen molecules and the
surface atoms of the material. This weak interaction offers great kinetic advantages, but leads to low
binding enthalpies, generally less than 10 kJ∙mol-1. [89,90] While low binding enthalpies facilitate heat
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Figure 31: An illustration showing the relationship between hydrogen accessibility and hydrogen density of current
methods for hydrogen storage.
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Figure 32: A plot of the storage density (volumetric H2 density vs. gravimetric H2 density) for various hydrogen storage forms currently being investigated. [44]
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management on refueling, it becomes necessary to cool to 77 k for optimal performance, diminishing the
energy storage capacity of the system. MOF-5 has been shown to bind upwards of 4.5 weight percent at
liquid nitrogen temperatures.[91] More recent research has concentrated on creating MOFs with
unsaturated metal site in expectation of enhancing the binding energy. To date, most MOFs lack tailored
binding sites and relies on weak electrostatic interactions operative, making the surface area the decisive
factor of the storage capacity.
Much like MOFs, porous carbon materials absorb hydrogen on their vast internal network of pores.[80]
Research surrounding hydrogen uptake in carbon materials has produced conflicting results.[92]
Currently, a controversy exists regarding carbon materials’ ability to absorb hydrogen. To a large degree,
the controversy is caused by insufficient characterization of the carbon materials used.[93,94] Often a
mixture of opened and closed, single-walled and multi-walled tubes of various diameters and helicities
together with other carbonous species are analyzed. These results have led to a greater appreciation of
the importance of sample and measurement reproducibility, along with the necessity of establishing
standard samples for instrumental calibration (especially for gravimetric methods where adsorbate
contamination is a significant issue). Additionally, they emphasize the utility of theoretical studies to gain
insight into the details of the uptake mechanism. The big advantages of physisorption materials for
hydrogen are the low operating pressure and the simple design of the storage systems. However, the
rather small gravimetric and volumetric hydrogen densities, together with the very low temperatures
necessary to achieve substantial loadings, are significant current drawbacks to the use of carbon as
hydrogen storage materials.
Complex hydrides such as LiBH4, Na3AlH6, Ti(BH4)3, Mg(AlH4)2, etc., offer high gravimetric densities at room
temperature (18 wt% for LiBH4,), but exhibit binding enthalpies of 70 kJ∙mol-1 and higher. They also release
enormous amounts of heat on filling and require equally large amounts of energy to liberate the hydrogen
when it is required as fuel. This creates problems with heat management and also drastically lowers the
effective energy storage capacity of the system. The low dynamics of the hydrogen releasing process is a
problem for complex hydrides. Hydrogen is released via cascade decomposition from the complex
hydride, and the sequence of step reactions require different conditions. Therefore, there is a large
difference between the theoretical and the practically attainable hydrogen with complex hydrides.
Additionally, many of these decompositions are irreversible within the operating specifications of an
onboard system, thus the depleted material would have to be exchanged, adding addition cost to
refueling.
Currently, the most promising hydrogen storage routes involve porous solid materials, which chemically
bind and/or physically adsorb hydrogen at volume densities greater than that of liquid hydrogen. These
materials combine the bond enthalpies of chemisorption with the density of physisorption.
It has been proposed that materials with binding enthalpies between 20-30 kJ∙mol-1 would be ideal for
hydrogen storage applications.[95,96] These moderate heats of absorption do not cause as much difficulty
in terms of heat management, but provide enough thermal stability for interactions between the
hydrogen bound in the materials so that the material can bind/release hydrogen at temperatures higher
than 77 k. One type of hydrogen interaction that is known to exhibit binding energies in this sweet spot
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is that which occurs between the hydrogen molecules and a transition metal center. This is an example
of the Kubas interaction.[97,98] A reasonable place to start looking for a material with binding enthalpies
in this range is the first-row transition metals. For first-row transition metals, the 4s orbital is much larger
than the 3d orbitals. In addition, due to symmetry, the 4s orbital is a logical orbital for acceptance of σ
donation from the incipient H2 ligand. Other more subtle factors can also affect bonding, most important
of these is backbonding from filled d orbitals into the σ* orbital of H2, an effect that is very important for
the late first row metals. Another factor is d-σ repulsion if the orbital is filled on the metal. This effect is
especially important in early metals due to the relatively large size of their orbitals. Effectively, a σ-π
Kubas (Figure 33) type interaction between a hydrogen molecule and a metal center afford many
hypothetical systems, with ideal enthalpies in conjunction with predicted high storage capacities, most
involving early transition metals.[95,96,99]
In 2008, the first example of a material exhibiting an enthalpy within the targeted enthalpy range
(between 20-30 kJ∙mol-1) was reported by A. Hamaed et al.[100] This material was synthesized from
grafting tetrabenzyl titanium onto a mesoporous silica followed by a reduction using heat and dynamic
vacuum. This system is believed to be comprised of titanium(III) benzyl units on mesoporous silica which
increased the performance of the system from 1.2 wt% (without Ti(III)) to 1.65 wt% (with Ti(III)). The
targeted titanium fragments are believed to hold 3 H2 molecules per metal center at 77 k, while also
retaining 41% of their capacity at room temperature. In 2009, the same group optimized the performance
of this titanium (III) system by adjusting synthetic parameters and exploring other titanium precursors
leading to 2.45 wt% absorption at 77 k and 60 atmospheres, which is equivalent to 3.98 H2 per metal
center. This is close to the theoretical maximum of 5 H2 per titanium atom predicted by the 18-electron
rule with additional organic ligands on the titanium metal center. Porous materials with tailored metal
centers constitute a substantial leap forward by the demonstration that Kubas binding may represent a
potential answer to many hydrogen storage problems.
Theoretical [101-103] studies have shown that exposed, isolated titanium metal centers may bind
hydrogen with a binding energy near the sweet spot. Puna’s theoretical models indicated that it may be
possible to bind as many as six hydrogen molecules to an exposed, reduced titanium center.[102] The
model indicates the first hydrogen molecule binds strong enough to cause a dissociation of the sigma
bond within the hydrogen molecule, producing two hydride species. Once two or more hydrogen
molecules become associated with the titanium center they remain as molecular hydrogen and each
appears indistinguishable from the other. Once the system is activated it is impossible to remove all six
hydrogen molecules in a reversible manner as the final two hydrogens remain dissociated as two hydrides
which are much more difficult to cleave from the titanium. Although the theoretical study involved an
idealized system with spatially isolated titanium atoms simply surrounded by hydrogen, the promise of
this model was sufficient to inspire this project to investigate synthetic routes to mimic this theoretical
system. In fact, the theoretical model gives a total hydrogen gravimetric density above 20%, with 16.8%
being easily accessed. Puna’s work is widely cited as identifying an area where novel hydrogen sorbents
might be discovered. Frequently there is a significant difference between what theory can imagine and
our ability to synthesize something that approximates the theoretical models. All traditional methods of
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grafting metals on surfaces would invariably lead to mixtures of surface species where the average
connectivity would be greater than one, thus distancing these approaches from the theoretical models.
However, the synthetic strategy outlined in Chapter 1 of this dissertation is ideal for this specific problem.
The work presented in this chapter is an attempt to synthesize nanostructured, silicates with atomically
isolated exposed titanium center ideal for Kubas interaction with hydrogen.
As discussed in chapter 1 the Barnes group has developed a synthetic methodology optimized for the
synthesis of defined geometry, targeted single-site metal centers that are atomically dispersed within a
porous amorphous silicate. Surface titanium assemblies synthesized using this methodology are ideal
candidates for binding hydrogen, by virtue of the fact that they are the closest synthetic representations
to isolated titanium site in space, studied in the theoretical work of Chertihin et al [101] discussed above.
These isolated titanium(IV) sites serve as a well-defined starting point for a “complex” reduction, resulting
in reduced titanium centers capable of binding H2 reversibly. The reduction of these titanium sites should
activate them for Kubas type interaction with molecular hydrogen.
The ability to start from well-defined and well-characterized precursors separates our synthetic strategy
from that of others. The synthetic approach of A. Hamaed et al. uses grafting and heating. As discussed
in Chapter 1 these methods can lead to the presence of multiple titanium centers and aggregated titanium
sites. In addition, a well-defined starting point will assist in developing an understanding of the ligands
and coordination geometry that exists around the titanium center after reduction.
Amorphous materials, like the ones synthesized in this chapter, are difficult to characterize fully due to
the lack crystallinity. Instead of a single method such as diffraction for full structural characterization,
this work relies on multiple methods to gain the amount of knowledge concerning both the local
environment surrounding the titanium site on the support and the characteristics of the macrostructure
in which it is located. Knowledge of both of these components is integral to obtain a material capable of
effectively acting a hydrogen storage media. The following few paragraphs give an overview of the
characterization techniques and what information was gathered from each.

INSTRUMENTATION
INFRARED SPECTROSCOPY
Fourier Transform Infrared Spectrometry (FTIR) gives vital information about the bonds within a sample
and can also be used to observe changes over the course of several reactions. The most important regions
to monitor for the materials discussed this chapter are shown in Figure 34. Two important stretches are
seen between 2800 and 4000 cm-1. First, aliphatic carbon-hydrogen stretches can be observed between
2800 and 3000 cm-1. These features correspond to the methyl units of the trimethyltin, which decrease
as trimethyltin chloride is lost during the synthesis. Additionally, evidence of hydrolysis can be seen
between 3400 and 3800 cm-1 which can indicate exposure of the sample to air. The next important region
to monitor is between 1500 and 1200 cm-1. Literature indicates that within this region it may be possible
to observe Ti-H stretches.[101] Between 1000 and 950 cm-1 are the Si-O-Si and Ti-O-Si stretches which are
the linking groups between the building blocks in the material. These stretches are important to monitor
as they can indicate the decomposition of the sample in the form of leaching of titanium sites or the
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Figure 34: A sample FT-IR spectrum showing the main areas of interest.
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decomposition of the cube structure. Finally, at 495-490 cm-1 is the Ti-Cl stretch, the presences of
absences gives further information about the ligands bound to titanium sites in the matrix. For these
reasons infrared spectrometry is an important characterization technique used to gain an understanding
of the materials detailed below.
Infrared spectra were collected using a Thermo Nicolet IR100 in an MBraun LabMaster 130 N2 dry box. 32
scans are collected using 4 cm-1 resolution from 400-4000 cm-1 for the background and samples. A KBr
pellet is prepared and collected as the background spectrum. A KBr pellet containing sample material (~15 wt%) is prepared and collected as the sample spectrum.

X-RAY ABSORPTION SPECTROSCOPY
X-ray absorption spectroscopy (XAS) in the form of X-ray Absorption Near Edge Spectroscopy (XANES) and
Extended X-Ray Absorption Fine Structure (EXAFS) was used to investigate the environment around the
reduced titanium sites. As discussed in chapter 1, the XANES region of XAS gives information about the
coordination geometry and oxidation state of the metal. The titanium k-edges (4966 eV) were obtained
at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory on beamlines X18B
and X19A, operated at 2.8 GeV with a current of 300 mA. The beam dimensions (i.e. spot size) on sample
was 10 x 1 mm (w x h) for X18B and 3 x 1 mm (w x h) for X19A. Spectra were collected at room
temperature. X-rays were monochromatized via reflection from Si(111) crystals through a 1 mm entrance
slit. The incident beam was detuned 40% to suppress harmonics. Samples were mounted 45° to the
beam, to allow for the collection of fluorescence spectra. The intensity of the incident beam was
measured with a 10 cm He-filled ion chamber detector (I0). The fluorescence signal from the sample was
recorded with a Canberra PIPS detector (Ifluor). Spectra were recorded at room temperature in four energy
regions about the titanium k-edge at 4966 eV: -150 to -15 eV (below the edge) in 5 eV steps (1 s
integration), -15 to 75 eV (through the edge) in 0.5 eV steps (2 s integration), 75 eV to 12 k in 0.05-k steps
(3 s integration), and 12k to 16k in 0.05-k steps (4 s integration).
Sample powders were held in copper plates between windows of 7.5 µm polyimide (Kapton®) film
(Chemplex 442) affixed with double sided tape to each side of the plate. Samples were loaded in an N2
dry box to prevent hydrolysis. Two to three scans were collected for each sample. Data processing and
analysis were performed using the IFEFFIT data analysis software suite (Athena & Artemis). The Athena
program was used for XANES analysis and extraction of EXAFS from the smooth absorption edge
background using standard procedures. The pre-edge background was modeled with a linear function.
The post edge, smooth background was approximated with a stiff spline function and adjusted to minimize
Fourier components that produce low R (< 1 Å) features in R-space plots. Low-frequency Fourier
components were also filtered from the EXAFS via the Rbkgd parameter that was kept smaller than 0.5 times
the distance of the closest backscattering shell. Merged files were generated after auto-aligning scans in
Athena program.
As discussed in Chapter 1, XAS is an averaging spectroscopic technique that probes the immediate
environment (~6 Å) around the absorbing element and provides both structural and electronic
information about the element. Our strategy for using XAS focuses on the two regions of measure. In the
XANES region, we expect to probe the approximate coordination geometry and the oxidation state of our
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titanium species. As a titanium atom is reduced the energy needed to ionize (from the 1s orbital) is also
reduced and is observed as a 2 - 4 eV shift for every unit change in oxidation state. Thus we would expect
to observe edge position at approximately 4976 eV for titanium(III). Analysis of the EXAFS region required
us to take an indirect approach. Since hydrogen ligands cannot be observed in radial distribution plots,
EXAFS data were used as an indirect method for determining if hydrogen ligands were present. A low
number of observable ligands around titanium seen in an EXAFS sample can be used as evidence for
undetectable hydrogen that exist on titanium since low coordinate titanium species are highly reactive
and therefore will not remain stable.

POROSITY ANALYSIS
Porosity analysis was used to monitor changes in the porosity over the course of synthesis and reduction
of the surface titanosilicates. Nitrogen adsorption-desorption analysis was performed using a
Micrometrics ASAP 2020 Physisorption and Chemisorption analyzer. The BET surface area was calculated
using adsorption data in the relative pressure range from 0.05 to 0.35. The adsorption portion of the
nitrogen gas adsorption/desorption isotherms was used to calculate the pore size distribution (BJH
method) of the samples.

HYDROGEN ADSORPTION-DESORPTION ANALYSIS
Materials exhibiting hydrogen binding in the “sweet spot” should demonstrate hysteresis-like behavior
on the absorption/desorption analysis with hydrogen gas. The difference between the desorption curve
and adsorption curve signifies the amount of hydrogen chemisorbed (Figure 35). This analysis was the
determining analysis for our reduced materials, materials that demonstrated hysteresis during desorption
were further characterized, those that did not were set aside. Hydrogen adsorption-desorption analysis
was performed using a Micrometrics ASAP 2020 Physisorption and Chemisorption analyzer.

EXPERIMENTAL AND RESULTS
MATERIALS: The general procedures for handling the chemicals used in the reactions reported here were
described previously in Chapter 1. Several steps were taken to exclude all sources of water from
reactants, solvents, and glassware as well as any hydroxyl groups present on glassware used in reactions.
All Schlenk reaction vessels were silylated with a chlorotrimethylsilane/triethylamine solution followed by
flame drying under vacuum prior to use. Toluene (Fisher Scientific) was dried using sodium-potassium
alloy and distilled. Pyridine (Fisher Scientific) was distilled and dried using calcium hydride. Toluene and
pyridine were kept in solvent bulbs equipped with high vacuum Teflon® stopcocks with the appropriate
drying agent. The solvent bulbs were degassed using freeze-pump-thaw cycles and stored under vacuum
prior to use. Trimethyltin cube, Si8O12(OSnMe3)8 was synthesized using previously reported
procedures.[31] Prior to use, samples of trimethyltin cube were heated overnight at 100°C under vacuum
to ensure removal of waters of hydration in the crystal. Silicon tetrachloride (SiCl4, Acros, 99.8+%) and
titanium tetrachloride (TiCl4, Alfa Aesar, 99.6%) were distilled, degassed, and stored under vacuum in
Schlenk vessels equipped with Teflon® stopcocks. The solid bispyridine complex of silicon tetrachloride,
SiCl4·py2 was produced according to the literature and added to reaction vessels in a nitrogen atmosphere
glove box.[33] All volatile solvents and reagents were delivered into reaction vessels using vapor transfer
methods.
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Figure 35: A schematic illustration chemisorption found from the
difference in adsorption and desorption curve.
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TRIMETHYLTIN CUBE BASED SILICATE PLATFORM In a Schlenk reaction vessel, 2.534 g (1.366 mmol) of dry
trimethyltin cube, Si8O12(OSnMe3)8, was added to 1.163 g (3.545 mmol) of silicon tetrachloride bispyridine,
SiCl4py2 [2.60:1 SiCl4py2/Si8O12(OSnMe3)8; 1.30:1 Cl/Me3Sn] followed by the vapor transfer of
approximately 30 mL of toluene. The sealed system was left under vacuum and heated at 80°C. A gel
forms within 1 hour. The solution was allowed to react for 18 hours whereupon all volatiles were removed
using heat and dynamic vacuum. Previous investigations indicated that both trimethyltin chloride and
pyridine are quantitatively removed under these conditions. The resulting fine powder solid was used
without further purification. Gravimetric analysis of the reaction indicated, on average, the inert silicon
linkages were connected to 2.47 silicate cubes. By multiplying the reaction ratio and the experimentally
determined connectivity; then subtracting it from the number of stannylated corners on the silicate cube
it was determined that 1.58 trimethyltin groups remain per silicate cube. BET analysis indicated the
platform has a broad pore size distribution with an average of 3.1 nanometers and a surface area of 630
square meters per gram. Table 5 outlines the approximate ratios and concentrations within trimethyltin
cube based silicate platform. All values in Table 5 are after the completion of the reaction and based on
gravimetric weight change. Pyridine and trimethyltin chloride formed during the reaction were assumed
to account for the entire weight change. This assumption was verified by NMR analysis of the volatiles
isolated from the reaction.
TITANYLATION OF SILICATE CUBE BASED PLATFORM WITH TITANIUM TETRACHLORIDE To the Schlenk
reaction vessel from the previous reaction, approximately 30 mL of toluene was vapor transferred.
Following the transfer of toluene, 0.5 mL (4.316 mmol) of titanium tetrachloride, TiCl4, was vapor
transferred into the reaction vessel. Based on the number of remaining trimethyltin groups in the sample,
the ratio of TiCl4:SnMe3 was approximately 2.0. The solution was then stirred at 80° and allowed to react
for 48 hours. Following the reaction, all volatiles were removed using heat and dynamic vacuum. Excess
titanium tetrachloride in the system is removed from the reaction Schlenk under these conditions. A dark
yellow red color developed in the cold trap, which is excess titanium tetrachloride complexed with
toluene. The resulting off-white powder was used without further purification. Gravimetric data is
consistent with the formation of 1.55 trichloro-titanium groups per silicate cube, giving a concentration
of 1.55x10-3 moles of titanium per gram of solid. By varying the titanium precursor used in this protocol,
a series of titanium surface species can be synthesized. Figure 36 displays the series of titanium surface
species synthesized in the study.
The IR spectrum of titanated silicate platform is shown in Figure 37. Weak aliphatic carbon-hydrogen
stretches can be observed between 2800 and 3000 cm-1, indicating a few trimethyltin groups remain in
the matrix. Additionally, there is no evidence of hydrolysis which would be seen between 3400 and 3800
cm-1. The region between 1500 and 1200 cm-1 is clean, consistent with no Ti-H present in the sample.
Between 1000 and 950 cm-1 there is a broad feature assigned as Si-O-Si groups. The shoulder observed
at ~960 cm-1 has been assigned to the Ti-O-Si stretches found in the literature of similar
titanosilicates.[104] Finally, a strong vibrational band at 495-490 cm-1 assigned to the Ti-Cl stretch, gives
further confirmation to the composition of the matrix.
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Table 5: The approximate ratios and concentrations within trimethyltin cube based silicate platform.

Substituent

Molality (mmol/gram)

Ratio of substituent to cubes

cube

0.98

1.00

linker

2.55

2.60

Sn

1.55

1.58

Cl

3.90

3.98
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Figure 36: series of surface titanium species synthesized from a trimethyltin silicate platform.
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Figure 37: The IR spectrum of titanated silicate platform.
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Titanium XANES data (K-edge) from the titanated silicate platform can be seen in Figure 38. It is important
to note that a lightened image of the beam was observed on the sample after exposure to the X-ray beam.
This photobleaching causes us to question the XAS data that was collected, as the titanium site may have.
significantly changed from its interaction with the high intensity and high energy radiation. Furthermore,
we observed significant differences between scans two and three compared with the data from scan one.
As a result, the data presented is from only scan one, as it is the most likely to accurately reflect the nature
of the sample as originally synthesized.
The 4978 eV edge position is consistent with titanium(IV) found in titanium dioxide. Additionally, a
shoulder is seen superimposed on the edge indicative of a shake-up effect from titanium-chlorine
bonds.[105] Finally, a single pre-edge feature with an intensity of approximately 0.5 can be seen. This
pre-edge feature, assigned to a 1s -> 3d transition, can be quite sensitive to the coordinate geometry
around the titanium site due to the Laporte selection rule. This bound transition is expected to have very
low peak intensity (~0.1 of the normalized edge jump absorption) for titanium sites having a center of
inversion (e.g. octahedral). For titanium sites without a center of inversion (e.g. tetrahedral) this feature
frequently has much greater peak intensity (0.5- 1.0). The observed height of the pre-edge feature and
edge position is most consistent with a titanium (IV) with no center of inversion (i.e. tetrahedral).
Even though we observed changes in the edge between the first and second scans, we performed a
qualitative analysis of the EXAFS data for this sample. Figure 39, displays the EXAFS data (K-space and Rspace) from the titanated silicate platform. The features shown in Figure 39 are not at real distances, as
the spectra is not phase corrected and therefore features appear at distances ~0.3 lower than their true
distances. Three features can be seen in the R space: (1) a feature at 1.30 Å, which is congruent with a
titanium-oxygen bond, (2) a feature at 1.90 Å consistent with a titanium-chloride bond, and (3) a feature
at 3.25 Å consistent with a second shell silicon.
The analysis above is somewhat suspect due to both the observed photobleaching as well as the
observation in the absorption edge between the first and second scans. The sample could have changed
the instant it was exposed to X-ray or more slowly as the scan progressed (~35 minutes per scan). While
the chloride feature in the EXAFS is consistent with expected surface species, it is quite possible that the
data reflects the presence of a mixture of species which, in most cases, makes a more detailed analysis of
the EXAFS impossible.
The following sections discuss the reduction and activation of these surface titanium species in an attempt
to obtain Kubas type interactions with molecular hydrogen. The reduction discussed below will be
compared to this unreduced titanated silicate platform; as it is a well characterized, well-defined starting
point for “complex” reduction that may have unforeseen consequences. The following paragraphs
discuss our work to reduce and “activate” these surface titanium species for binding hydrogen. These
protocols were carried out with the trichloro-titanium, as it is the readily synthesized.

REDUCTION WITH HYDRIDE REDUCING AGENTS
Lithium aluminum hydride (LiAlH4) and sodium borohydride (NaBH4) have been studied exhaustively as
hydride reducing reagents in organic systems. Furthermore, some work has also been performed with
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Figure 38: Titanium XANES data (K-edge) of titanated silicate platform.
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Figure 39: The EXAFS data (K space and R space) of titanated silicate platform.
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both zeolites[106] and molecular titanium species.[107] In 1974, McMurry and Fleming reported
reducing a molecular titanium species, TiCl4 with LiAlH4 producing low-valence titanium chlorides. This
system is quite similar to our surface species and we theorized this reaction may extend to our system.
Consequently, these traditional hydride reducing agents are excellent candidates for the reduction of the
surface titanium(IV) species. Figure 40 illustrates schematically a possible sequences of steps in the
reaction of a hydride base reducing reagent with our trichloro-titanium species; a hydride is transferred
to titanium creating a high energy intermediate that then undergoes a reductive elimination to create a
titanium(III) species. The following are the procedures used with these hydrides reducing agents: The
exact stoichiometric amount of hydride reducing reagent is unknown. Therefore, the procedures below
were carried out with estimates for one, two, four and five equivalents of hydride, one equivalent is used
as an example.
PROCEDURES
LITHIUM ALUMINUM HYDRIDE
In a Schlenk reaction vessel, 0.500 grams of titanated silicate platform (0.775 mmol of titanium), was
added to 0.029 grams (0.775 mmol) of lithium aluminum hydride, LiAlH4 [1:1 LiAlH4/Ti site] followed by
the vapor transfer of approximately 30 mL of diethyl ether. The solution was then stirred at room
temperature. The initially off white colored titanated silicate platform turned into a dark solid over the
course of ~1 hour. The solution was allowed to continue to react for 18 hours whereupon all volatiles
were removed using heat and dynamic vacuum. The resulting fine powder solid was characterized
without further purification.
SODIUM BOROHYDRIDE
In a Schlenk reaction vessel, 0.500 grams of titanated silicate platform (0.775 mmol of titanium), was
added to 0.029 grams of sodium borohydride, NaBH4 [1:1 NaBH4/Ti site] followed by the vapor transfer of
approximately 30 mL of diglyme. The solution was then stirred at 80C. The initially off white colored
titanated silicate platform turned into a dark solid over the course of ~1 hour. The solution was allowed
to continue to react for 18 hours whereupon all volatiles were removed using heat and dynamic vacuum.
The resulting fine powder solid was characterized without further purification.
RESULTS AND DISCUSSION
The spectroscopic characterization of the sample exposed to sodium borohydride was identical to that
the sample exposed to lithium aluminum hydride. For this reason, the results from a sample exposed to
sodium borohydride will be discussed in detail.
The IR of a sample exposed to sodium borohydride is seen in Figure 41. The IR shows no evidence of
hydrolysis which would be seen between 3400 and 3800 cm-1. Additionally, there are no features in the
region between 1500 and 1200 cm-1 suggesting no titanium hydrides have been created. Finally, the TiO-Si stretch at 960 cm-1 has decreased which is consistent with loss of titanium from the surface bound
sites, i.e. the leaching of the titanium species from the matrix.
Titanium XANES data (K-edge) from the hydride reduced samples can be seen in Figure 42. Again,
photobleaching was observed in this sample when placed into the X-ray beam and scan one was different
from scans two and three. As a result, the data present is from scan one only.
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Figure 40: illustrates schematically a possible sequences of steps in the reaction of a hydride base reducing reagent
with our trichloro-titanium species.
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Figure 41: The IR spectrum of titanated silicate platform exposed to sodium borohydride.
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Figure 42: Titanium XANES data (K-edge) of titanated silicate platform exposed to sodium borohydride.
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Figure 43 displays the titanium XANES data (K-edge) from the hydride reduced samples as it compares to
known standards. The ~4 eV shift in the edge position implies the titanium(IV) species have been reduced.
Additionally, the loss of a chlorine shoulder on the edge suggests the loss of any chloride ligand on
titanium. Finally, the decrease in the pre-edge feature, a 1s -> 3d transition, indicates a titanium
coordination sphere with a center of inversion. EXAFS data from the hydride based reductants compared
to unreduced titanated silicate platform, seen in Figure 39, indicates a lengthening of bond distances,
which is incongruent with a reduced species. Also seen in EXAFS, the decrease in the 1.90 Å feature,
consistent with the loss of chloride ligands. We attempted to develop structural models that could be
used to fit the EXAFS data. Unfortunately, we were unsuccessful, probably due the presence of multiple
species after reduction; the structural features of which are expected to overlap extensively in the EXAFS
data.
A dark solution developed when two and four equivalents of lithium aluminum hydride and sodium
borohydride were used. This is clear evidence of the titanium species leaching from the matrix during the
reduction with hydride based reductants. This is most likely indicates that the reduction step was
accomplished by breaking the bond to the surface. Both aluminum(III) and boron(III) are highly oxophilic.
As titanium is reduced from +4 to +3 or lower, its oxophilicity is reduced which could facilitate breaking
the bond to the surface and subsequent formation of solution species. As a result, the XAS quite possible
reflects a mixture of species. Therefore, with this loss of control, we focused our efforts on other methods
of the reduction that did not involve any oxophilic elements, such as boron and aluminum that may
compete with titanium for surface sites.

REDUCTION WITH HYDROGEN
The reduction potential of hydrogen has been studied extensively in the literature.[108] Reactions with
hydrogen offer the most direct approach to reducing titanium and obtaining titanium hydrides species.
Hydrogen also removes the problems of oxophilic elements, like those seen in hydride based reductants.
Figure 45 illustrations a theorized reaction of a hydrogen with our trichloro-titanium species; a sigma bond
metathesis occurs, that then undergoes a reductive elimination to create a titanium(III) species. The
following paragraphs discuss our work with hydrogen as a reductant for our trichloro-titanium species.
The reduction using hydrogen was carried out in two different methods: pressure vessel and flow cell.
PROCEDURES
PRESSURE VESSEL
In a glass pressure vessel, seen in Figure 46, 0.500 grams of titanated silicate platform (0.775 mmol of
titanium) was added and pressurized to two atmospheres of reagent grade hydrogen (99.999% pure). The
pressure vessel was then placed in a molten salt bath (7% - NaNO3: 40% - NaNO2: 53% - KNO3) at 350C.
A thermocouple placed into a side port allowed us to verify the hydrogen was at temperature. The
pressure vessel was allowed to continue to react for 4 hours whereupon all volatiles were removed using
heat and dynamic vacuum. The volatiles were found to be acidic with litmus paper. The resulting fine
powder off-white solid was characterized without further purification.
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Figure 43: Titanium XANES data (K-edge)of titanated silicate platform exposed to sodium borohydride as it
compares to known standards and titanated silicate platform.
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Figure 44: The EXAFS data (K-space and R-space) of titanated silicate platform exposed to sodium
borohydride.
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Figure 45: illustrations a theorized reaction of a hydrogen with our trichloro-titanium species.
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Figure 46: A picture of the pressure vessel used for the reduction with hydrogen.
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Figure 47: A picture of the flow cell used for the reduction with hydrogen
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t FLOW CELL PROCEDURE
In a reactor U-tube reactor, seen in Figure 47, 0.500 grams of titanated silicate platform (0.775 mmol of
titanium) was added and connected to a cylinder of reagent grade hydrogen (99.999% pure). The U- ube
reactor was then placed in a molten salt bath at 350C and a hydrogen flow (2mL per sec) was started. A
thermocouple placed into a side port allowed us to verify the hydrogen was at approximately 340C when
in contact with the sample. The U-tube reactor was allowed to continue to react for 4 hours whereupon
all volatiles were removed using heat and dynamic vacuum. The outflowing gas was found to be acidic
with litmus paper. The resulting fine off-white powder solid was characterized without further
purification.
RESULTS AND DISCUSSION
IR spectra of both the pressure vessel and flow cell samples exposed to hydrogen at 350C can be seen in
Figure 48. Both samples show no indication of titanium-hydride bands. The flow cell sample shows no
significant amount of hydrolysis. The pressure vessel sample shows a significant about of isolated
hydroxyl groups (seen at 3XXX cm-1) compared with the flow cell. The reduction of titanium(IV) creates
hydrochloric acid (HCl) as a byproduct. We theorize anhydrous HCl may attack Si-O-Si or Si-O-Ti linkages,
leading to the formation of hydroxyl groups on the surface. The flow cell allows any HCl created during
the reduction to be removed from the material, thus giving it less time to interact and break Si-O-Si or SiO-Ti bonds. Additionally, the titanium-chloride feature at 490 cm-1 seen in the unreduced titanated has
significantly decreased in both the flow cell and pressure vessel samples.
Titanium XANES data (K-edge) from both the pressure vessel and flow cell samples exposed to hydrogen
can be seen in Figure 49. Again, photobleaching was observed in these samples and data shown are from
the first scan only. The edge positions (4979 eV and 4980 eV; pressure vessel and flow cell respectively)
implies the titanium(IV) species has not been reduced. Additionally, the loss of a chlorine shoulder on
the edge suggests the loss of chloride ligand on titanium. Finally, the pre-edge feature is approximately
the same height as the unreduced, indicates a titanium most likely has a tetrahedral coordination
geometry.
Figure 50, displays the EXAFS data from both the pressure vessel and flow cell samples exposed to
hydrogen. The sample in a flow reactor shows a single feature at 1.30 Å, which is incongruent with a
titanium-oxygen bond. Whereas the sample in a pressure vessel has a feature at 1.30 Å consistent with
titanium-oxygen and a feature at 1.90 Å consistent with titanium-chloride.
In our investigation, the samples exposed to hydrogen appear to remain in a high oxidation state but show
the loss of coordinating chloride ligand. These coordinated unsaturated titanium species must be
stabilized with alternative ligands that are not observable in XAS. These results are consistent with the
presence of hydride ligands around titanium, although they are not visible in the IR spectrum.
These results indicate the activation energy to reduce our titanium species may be higher than previously
anticipated. Two methods can be taken used to overcome this challenge. High temperatures (>500°C)
may offer us the ability to reduce our titanium species with only hydrogen, but these temperatures can
be difficult to reach and require extra precautions. An alternative method for reducing our titanium
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Figure 48: An IR of both the pressure vessel and flow cell samples exposed to hydrogen at 350°C
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Figure 49: Titanium XANES data (K-edge) from both the pressure vessel and flow cell samples exposed to hydrogen
at 350°C
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Figure 50: The EXAFS data (K-space and R-space) from both the pressure vessel and flow cell samples
exposed to hydrogen at 350°C
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species is the addition of a hydrogen-activating agent that acts as a transfer agent creating an alternate
mechanism to produce reduced titanium species.

REDUCTION WITH HYDROGEN WITH PLATINUM PROMOTER
The use of platinum promoters or activators for reductions with hydrogen is well documented in
literature.[109] It is believed that a spillover phenomenon allows platinum to act as a hydrogen transfer
agent. Figure 51 schematically illustrates a generalized hydrogen spillover mechanism. It was hoped that
the addition of platinum to these titanium systems would help promote the creation of Ti-H by
transferring hydrides from the platinum to the titanium. It is difficult to predict the platinum loading
necessary to accomplish the reduction of our trichloro-titanium species. Therefore, two platinum loadings
were investigated: a high loading (1Pt:10Ti) and a low loading (1Pt:100Ti). We speculate this method of
reduction may follow a similar mechanism to that of only hydrogen reductions. As a result, this method
may still produce significate amounts of anhydrous HCl, thus the reaction was carried out using the flow
reactor designed for hydrogen reductions. The following summarizes our work with a platinum promoter
and hydrogen for the reduction of our surface trichloro-titanium species.
PROCEDURE
To a Schlenk reaction vessel with 0.500 grams of titanated silicate platform (0.775 mmol of titanium),
0.003 grams (7.75x10-3 mmol) or 0.030g (7.75x10-3 mmol) of dichloro(1,5-cyclooctadiene) platinum(II),
Pt(cod)Cl2 was added to prepare low and high platinum samples respectively. This was followed by the
vapor transfer of approximately 30 mL of methylene chloride. The solution was then stirred at room
temperature for 1 hour. All volatiles were removed using heat and dynamic vacuum.
In a fritted U-tube reactor, 0.500 grams of material from the previous reaction was added and connected
to a cylinder of reagent grade hydrogen (99.999% pure). The U-tube reactor was then placed in a molten
salt bath at 350C and a hydrogen flow (2mL per sec) was started. A thermocouple placed into a side port
allowed us to verify the hydrogen was at approximately 340C when interaction with the sample The Utube reactor was allowed to continue to react for 4 hours whereupon all volatiles were removed using
heat and dynamic vacuum. The resulting fine powder solid was characterized without further purification.
At high platinum loading the sample turned from off-white to dark gray in color during the reaction. This
is consistent with the reduction of platinum to platinum nanoparticles.
RESULTS AND DISCUSSION
The IR spectra of the samples exposed to hydrogen containing platinum promoter at 350C were nearly
identical to those obtained from titanated silicate samples exposed to hydrogen at the same temperature
without platinum. IR spectra show no indication of titanium-hydride bands, but did show signs of the
presence of hydrolysis. Additionally, the titanium-chloride feature at 490 cm-1 seen in the unreduced
titanated species is not present in the reduced species.
Titanium XANES data (K-edge) from a sample exposed to hydrogen with high loading platinum promoter
are shown in Figure 52. Once again, photobleaching was observed in these samples and data shown are
from the first scan only. The edge position (4979 eV) implies the titanium species has not been reduced.
The lack of a chlorine shoulder on the edge is consistent the loss of chloride ligand on titanium. Finally,
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Figure 52: Titanium XANES data (K0edge) from a sample exposed to hydrogen with high loading platinum
promoter.
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the decrease in the intensity of the pre-edge feature indicates a titanium with a geometry that has an
inversion symmetry. Titanium EXAFS data from a high Pt loaded sample exposed to hydrogen, seen in
Figure 53, shows two features. One strong feature at 1.30 Å consistent with a titanium-oxygen bond and
a smaller feature at 1.90 Å consistent with a titanium-chlorine bond. Whereas the unreduced titanated
platform has a Ti-O at 1.30 Å and Ti-Cl at 1.90 Å. XAS and IR indicate that the titanium sites appear to be
identical with those without the addition of platinum.
Platinum XANES (LIII edge) spectra from a high Pt loaded sample before and after exposure to hydrogen
can be seen in Figure 54. The unreduced high platinum loading sample has a white line approximate
twice as intense as the edge jump. This white line, assigned to an electronic transition from 2p3/2 to a 5d
orbital, can be quite sensitive to the oxidation state of platinum. The intensity of the white line observed
at the LIII edge reflects the occupancy of the d orbitals of the absorbing atom.[110] Thus, reduced platinum
with filled d-orbitals exhibits a suppressed white line. The platinum XANES (LIII edge) spectra from a high
Pt loaded exposed to hydrogen has a white line slightly less than half the edge jump. These results are
consistent with the reduction of platinum in our sample.
The data gathered from samples with high Pt load and exposed to hydrogen causef us to question the
effects a platinum promoter has on our trichloro-titanium species. The data suggest that we obtained
similar titanium species with and without platinum. It is unclear whether platinum influenced the
reaction. The color change of the sample and the change in white line intensity in the platinum XAS are
consistent with the reduction of platinum. The exact form platinum takes, nanoparticles or larger metal
crystallites, is unclear. While there is good evidence that platinum has been reduced to metal there may
be no effective way to transfer activated hydrides from platinum to titanium site, via the silicates support.
Literature shows that silicates are very difficult to reduce, making them a very poor conduit for hydrogen
atoms.
At this point in our attempts to reduce and active our titanium species for Kubas binding, we decided to
take a more empirical approach to our reduction methods. Rather than attempting to understand the
structural and electronic configuration of our “reduced” titanium species, we studied their interaction
with molecular hydrogen to determine if any reduced species showed chemisorption behavior. Materials
that exhibited chemisorption of hydrogen should demonstrate hysteresis-like behavior on the
absorption/desorption analysis with hydrogen gas. The difference between the desorption curve and
adsorption curve signifies the amount of hydrogen chemisorbed (Figure 35). This analysis became the
determining analysis for our reduced materials. Materials that demonstrated hysteresis during
desorption would be further characterized, others would be set aside.

REDUCTION WITH COBALTOCENE
Cobaltocene, a nineteen electron organometallic complex, has been extensively studied for its reduction
potential.[111] Like hydrogen based reductions, cobaltocene was investigated as a chemical reductant
without the presence of oxophilic elements. A general reaction of cobaltocene with a trichloro-titanium
surface species is seen in Figure 55. This reaction may leave the titanium species coordinately
unsaturated. As a result, these reactions was run under an atmosphere of hydrogen.
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Figure 53: The EXAFS data (K-space and R-space) from a sample exposed to hydrogen with high
loading platinum promoter.
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Figure 54: Platinum XANES (LIII-edge) spectra from a high Pt loaded sample before and after exposure to hydrogen.
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Figure 55: A general reaction of cobaltocene with a trichloro-titanium surface species
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PROCEDURE
In a Schlenk reaction vessel, 0.500 grams of titanated silicate platform (7.75x10-1 mmol of titanium), was
added to 0.147 grams (7.75x10-1 mmol) of cobaltocene, Co(C5H5)2 [1:1 Co(C5H5)2:Ti site] followed by the
vapor transfer of approximately 30 mL of hexane. 1 atm of hydrogen was then added. The solution was
then stirred at room temperature. A dark purple solution indicative of cobaltocene in solution was seen
within minutes and the solution developed a green color within 4 hours. The solution was allowed to
continue to react for 18 hours whereupon all volatiles were removed using heat and dynamic vacuum.
The resulting fine powder solid was characterized without further purification.
RESULTS AND DISCUSSION
An IR of the sample exposed to cobaltocene can be seen in Figure 56. Like previous methods, a sample
exposed to cobaltocene shows no indication of titanium-hydride bands. Additionally, the sample showed
signs of the presence of hydrolysis. A sharp feature at 1415 cm-1 may indicate the present of a titanium
hydride. Finally, the titanium-chloride feature at 490 cm-1 is still present. No XAS data was collected on
this sample.
It is extremely difficult to draw any conclusions about the oxidation state and coordinated ligands around
titanium in these reactions from IR spectroscopic data. What we can observe is that the color change
(purple to green) is consistent with cobaltocene reacting to become cobaltocenium. The counterion of
the cobaltocenium complex is unknown, but a chloride species can be easily conjectured. There are two
sources of chloride in our sample: 1) the titanium species 2) inert silicon linkers. With the data at hand, it
is unclear which source produced the chloride.
The hydrogen adsorption-desorption isotherm can be seen in Figure 57. It shows a small hysteresis
indicative of chemisorb hydrogen. To verify this finding the sample was heated (200C) under vacuum
and the measurement was repeated. Upon completion of the second hydrogen isotherm, the hysteresis
was no longer observed and no further measurements were taken.

REDUCTION WITH UV LIGHT AND HYDROGEN
Prior methods used to reduce the surface titanium species indicated that the titanium reduction may have
higher activation energy than initially suspected. As a result, we focused our efforts on photochemical
reduction. Photochemistry has long been used to activate reactions with high activation energies.[112]
As with the other methods that only involve hydrogen, we believe this method could reduce the chlorotitanium species cleanly. There are two common sources of UV radiation: mercury and xenon sources.
Both offer strong intensity in the UV and visible regions, with xenon sources extending their spectra far
into the infrared region. This Infrared radiation can be problematic for dark samples as it results in
localized heating. As a result, a mercury lamp was used in the following procedures.
PROCEDURE
In a quartz, fritted U-tube reactor, 0.500 grams of titanated silicate platform was added and connected to
a cylinder of reagent grade hydrogen (99.999% pure). The lower portion of the quartz U-tube reactor was
then placed in a molten salt bath at 350C and a hydrogen flow (2mL per sec) was started. A thermocouple
placed into a side port allowed us to verify the hydrogen was at approximately 340C when interaction
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Figure 56: an IR spectrum of titanated silicate platform exposed to cobaltocene.
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Figure 57: The hydrogen adsorption-desorption isotherm of titanated silicate platform exposed to cobaltocene.
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Figure 58: An IR spectrum of titanated silicate platform exposed to UV light and hydrogen.
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with the sample. A mercury light source was the placed in front of the upper portion of the quartz U-tube
reactor. The U-tube reactor was allowed to react for 4 hours whereupon all volatiles were removed using
heat and dynamic vacuum. The resulting fine powder solid was characterized without further purification.
RESULTS AND DISCUSSION
Spectroscopic characterization of the sample exposed UV light and hydrogen was approximately identical
to that of high-temperature hydrogen reduction. An IR of the sample exposed to UV light and hydrogen
can be seen in Figure 58. Like previous methods, a sample exposed to UV light and hydrogen shows no
indication of titanium-hydride bands. Additionally, the sample showed signs of hydrolysis. Finally, the
titanium-chloride feature at 490 cm-1 is very weak. No XAS data was collected on this sample.
The hydrogen adsorption-desorption isotherm showed no indication of a hysteresis. To verify this, the
sample was heated (200°C) under vacuum and the measurement was repeated. Upon completion of the
second hydrogen isotherm, the presence of a hysteresis was not detected.

TITANIUM TRICHLORIDE
An alternative method for producing reduced titanium sites on our trimethyltin cube based support is to
link an already reduced metal center of titanium. Titanium trichloride, TiCl3, is a commercially available
reduced titanium center that may be able to be activated for Kubas bind with an exchange of ligands. As
discussed previously, as titanium is reduced its oxophilicity decreases. As a result, the titanium trichloride
may not be oxophilic enough to exchange with trimethyltin on the corners of the cubes. The following
paragraphs discuss the synthesis of a dichloro-titanium(III) surface species and our work to active it for
Kubas binding.
TITANYLATION OF SILICATE CUBE BASED PLATFORM WITH TITANIUM TRICHLORIDE: In a Schlenk reaction
vessel, 1.00 g (1.55x10-3 mol of trimethyltin corners) of trimethyltin cube based silicate platform, was
added to 0.167g (1.083 mmol) of titanium trichloride, TICl3 [0.7:1 TICl3/trimethyltin corners] followed by
the vapor transfer of approximately 30 mL of acetonitrile. The solution was then stirred at 50°C. The
solution was allowed to continue to react for 48 hours whereupon all volatiles were removed using heat
and dynamic vacuum. The resulting fine powder solid was used without further purification. Gravimetric
data is consistent with titanium trichloride having 0.82 connections to the surface. Although this is not
ideal, as a small percent of the titanium trichloride is unbound, the decision was made to proceed to
activate the sample for Kubas binding. The following procedure outline our activation attempt.
The IR of the titanated(III) silicate platform, seen in Figure 59, indicates some hydrolysis occurred during
the titanylation method. Additionally, there is a feature at 2300 cm-1. This feature is believed to be a
bound acetonitrile, creating a four coordinated titanium(III) surface species. Between 1000 and 950 cm-1
there are broad features identified as Si-O-Si and Ti-O-Si stretches which make up the majority of the
material. Finally, it is difficult to determine if the Ti-Cl stretch at 495-490 cm-1 is present.
ACTIVATION PROCEDURE
In a reactor U-tube reactor, 0.500 grams of titanated(III) silicate platform (5.43x10-1 mmol of titanium)
was added and connected to a cylinder of reagent grade hydrogen (99.999% pure). The U-tube reactor
was then placed in a molten salt bath at 350C and a hydrogen flow (2mL per sec) was started. The U103
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Figure 59: The IR spectrum of titanated(III) silicate platform.
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Figure 60: The IR spectrum of titanated(III) silicate platform exposed to hydrogen.
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Figure 61: Titanium XANES data (K-edge) from titanium(III) silicate platform before and after exposure to hydrogen
for activation.
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tube reactor was allowed to continue to react for 4 hours whereupon all volatiles were removed using
heat and dynamic vacuum. The resulting fine powder solid was characterized without further purification.
RESULTS AND DISCUSSION
The IR spectra of the titanated(III) silicate platform exposed to hydrogen can be seen in Figure 60. The
feature assigned to a bound acetonitrile at 2300 cm-1 seen in titanated(III) silicate platform (Figure 59) is
not present in the sample activated by hydrogen. Additionally, the IR spectra show no indication of
titanium-hydride bands. Finally, the titanium-chloride feature at 490 cm-1 is still undetected.
Titanium XANES data (K-edge) from the titanated(III) silicate platform before and after “activation” can
be seen in Figure 61. Again, photobleaching was observed in this sample when placed into the X-ray beam
and scan one was different from scan two and three. As a result, the data present is from scan one only.
The 4977 eV edge position is inconsistent with a titanium(III) site. Additionally, a shoulder is seen on the
edge, indicative of a shake-up effect from titanium-chlorine bonds. Finally, a single pre-edge feature with
a low intensity of approximately 0.2 can be seen.
Figure 62, displays the EXAFS data from the titanated(III) silicate platform before and after exposure to
hydrogen for activation. Two features can be seen for the titanated(III) silicate platform:(1) A feature at
1.30 Å, which is congruent with a titanium-oxygen bond. (2) A feature at 1.90 Å consistent with a
titanium-chloride bond. A titanium-nitrogen bond was expected for the bound acetonitrile but was not
seen in the data. The titanated(III) silicate platform exposed to hydrogen has an EXAFS spectra similar to
that of titanated(IV) silicate platform exposed to hydrogen. The sample has a single feature at 1.45 Å,
which is congruent with a titanium-oxygen.

SUMMARY
The goal of this research was to prepare a well-defined supported titanium species that would bind
hydrogen reversibly. Some reports of theoretical modeling studies have appeared that describe how
titanium atoms could bind significant numbers of hydrogen molecules (six hydrogens per titanium center).
Based on these reports we hypothesized that the synthetic methodology developed previously in the
Barnes group could be used to easily prepare a one-connected titanium species that approximated what
the theoretical studies pointed to as a potential hydrogen binding site. An important difference between
this starting point and the theoretical results is the formal oxidation state of the titanium species. Our
synthetic methodology easily yielded well-defined, trichloro-titanium sites on a silica platform with the
titanium oxidation state formally being +4 (d0) while titanium centers that would bind hydrogen should
be in lower formal oxidation states having d electrons at the metal center. This difference was recognized
from the outset of this project and our first major goal was to develop a synthetic methodology to reduce
our titanium(IV) species on the surface of silica in a controlled fashion, preserving their connectivity to the
surface. This proved to be challenging due to a number of reasons: As titanium is reduced, the bonding
to the surface is weakened. As a result, the reduced species is more susceptible to leaching, or mobility
on the surface that could produce aggregated species. As chloride ligands are removed from titanium,
the desired hydride-hydrogen ligands are quite labile and very reactive frequently leading to reduced
aggregates. The critical barrier to such reactions is to maintain site isolation of titanium centers on the
support. At the start of this work it was understood that the reduction step would be quite difficult to
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Figure 62: The EXAFS data (K-space and R-space) from titanium(III) silicate platform before and after
exposure to hydrogen for activation.

108

control and characterize. Our reduced titanium species would likely be unstable due to an unsaturated
coordination sphere. As a result, the reductions were done under conditions where hydrogen was
available to bind, filling the coordination sphere. Furthermore, finding a reducing agent that was strong
enough was a concern, as the reduction potential of our surface trichloro-titanium species is not found in
literature. We, therefore, used values for the closest analogs that we could find in the literature.
The work described in this chapter uses an empirical approach for finding a suitable reductant. By trial
and error, we expected to find a reductant that would reduce our trichloro-titanium species without
causing the species to become mobile. An alternative to this trial and error approach would have been to
research the reduction potential of similar titanium complexes and base our choice of reductant off this
literature. The following paragraphs describe our analysis in terms of reduction potential.
Titanium tetraisopropoxide represents probably the most difficult to reduce surface species that might be
encountered in this research and has a reduction potential of -1.35 V.[113] We would expect our trichlorotitanium species to be easier to reduce that titanium tetraisopropoxide, due to fewer alkoxide ligands.
Further researching into the literature demonstrates this to be accurate as titanium tetrachloride has a
reduction potential of -0.32 V.[114] This 1.00 V difference can be taken as an estimate of the
thermodynamical difference need to reduce titanium from +4 to +3 between the all-chloride and allalkoxide species. When choosing a reductant based on this data, we could assume our surface trichloro
titanium species has a reduction potential closer to that of the all-chloro complex. Additionally, to ensure
complete reduction any reducing agent should have an over potential of ~200 mV.
The reduction potentials of hydride reducing agents such as lithium aluminum hydride are not usually
listed in literature, although they are among the most potent reducing agents. [115] A rough estimate of
their reduction potential would be to consider them as just hydrides and use the textbook potential of 2.25 V. [116] The large over potential seen between lithium aluminum hydride and our trichloro titanium
species may have unexpected consequence during the reaction.
Samples reduced with lithium aluminum hydride show clear evidence for the titanium species leaching
from the matrix during the reductions. This most likely indicates that the reduction step was accomplished
by breaking the bond to the surface. The over potential discussed above could be the reason behind
leaching. Reduction of titanium(III) to titanium(I) and metal with lithium aluminum hydrides have been
described in the literature. Additionally, aluminum(III) is highly oxophilic. As titanium is reduced from +4
to +3 or lower, its oxophilicity is reduced which would facilitate breaking the bond to the surface and
subsequent formation of solution species. As a result, the XAS quite possible reflects a mixture of species.
Therefore, with this loss of control, we focused our efforts on other methods of the reduction that did not
involve any oxophilic elements, such as boron and aluminum that may compete with titanium for surface
sites.
Cobaltocene has a reduction of -1.33 mV, approximately half of that of lithium aluminum hydride allowing
for a gentler reduction than chemical hydrides.[117] This reduction potential suggests cobaltocene may
be an ideal reductant for titanium tetraisopropoxide but again, may have a large over potential compared
with our surface trichloro species. Additionally, cobaltocene is a chemical reductant that has no oxophilic
elements. The importance of this has been stated above.
It is extremely difficult to draw any conclusions about the oxidation state and coordinated ligands around
titanium in these reactions from IR spectroscopic data. What we can observe is that the color change
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(purple to green) is consistent with cobaltocene reacting to become cobaltocenium. The counterion of
the cobaltocenium complex is unknown, but a chloride species can be easily conjectured. There are two
sources of chloride in our sample: 1) the titanium species and 2) inert silicon linkers. With the data at
hand, it is unclear which source produced the chloride.
Reactions with hydrogen offer the most direct approach to reducing titanium and obtaining titanium
hydrides species. Hydrogen reduction potential is set as the reference (0.00 mV) that all other potentials
are correlated to. As a result of hydrogen low reduction potential, reactions with hydrogen were run at
high temperatures (300-500°C). High temperatures open up reaction channels involving initial bond
fragmentation followed by reduction. It is entirely possible that hydrogen will only reduce our titanium
species if enough thermal energy is provided to create hydrogen atoms or breaking Ti-Cl bonds. In
addition, the use of hydrogen alone removes the problems of oxophilic elements, like those seen in
hydride based reductants.
In our investigation, The samples exposed to hydrogen appear to remain in a high oxidation state (see XAS
discussion below) but show the loss of coordinating chloride ligand. These coordinated unsaturated
titanium species must be stabilized with alternative ligands that are not observable in XAS. These results
are consistent with the presence of hydride ligands around titanium, although they are not visible in the
IR spectrum.
Hydrogen alone may not have a reduction potential strong enough to reduce our titanium species, which
is not unexpected. An alternative method for reducing our titanium species is the addition of a hydrogenactivating agent that acts as a transfer agent creating an alternate mechanism to produce reduced
titanium species. An ideal activating agent would be easier to reduce than our trichloro species and be
able to transfer hydride to our trichloro species. The textbook reduction potential of platinum(II) (+1.19)
suggests platinum is much easier to reduce that our trichloro species. Additionally, platinum has a long
history of being used as a hydride promotor. [109]
The data gathered from samples with high Pt load and exposed to hydrogen cause us to question the
effects a platinum promoter has on our trichloro-titanium species. The data suggest that we obtained
similar titanium species with and without platinum. It is unclear whether platinum influenced the
reaction. The color change of the sample and the change in white line intensity in the platinum XAS are
consistent with the reduction of platinum. The exact form platinum takes, nanoparticles or larger metal
crystallites, is unclear. While there is good evidence that platinum has been reduced to metal there may
be no effective way to transfer activated hydrides from platinum to titanium site, via the silicates support.
Literature shows that silicates are very difficult to reduce, making them a very poor conduit for hydrogen
atoms.

THE LOSS OF X-RAY ABSORPTION SPECTROSCOPY
Through several attempts were made to collect XAS data, it became apparent that all species discussed
here were light (x-ray) sensitive. One possible light-induced decomposition pathway would involve the
reoxidation of any reduced titanium species present in the sample. As a result, the oxidation would be
quickly followed by the loss of any hydrogen on titanium. Light-induced reoxidation of the titanium
centers in the sample could then lead to the conclusion that the reduction was not successful. This was
indeed observed in several cases and therefore we were forced to abandon the only technique that could
have allowed us to intuit the structures around titanium in these samples. Loss of this characterization
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technique makes it much more difficult to understand what happened during the reduction and to identify
the final products.
Other techniques could only give hints about the properties of the products of these reactions. IR can only
show the presences of Ti-O, Ti-Cl and maybe Ti-H, but generally gives no information about the oxidation
state or coordination geometry. Characterization of titanium(III) with EPR is generally only possible at
liquid helium temperatures for non-octahedral geometries due to fast relaxation. While available at UTK,
this requirement made the use of EPR as a tool to screen large numbers of samples impossible, and
therefore, while a few preliminary samples were run at liquid nitrogen temperatures, no signals were
observed. [118]
The work described in this chapter uses an empirical approach to evaluate a variety of reductants with a
range of reduction potentials for their ability to reduces the surface trichloro species. The majority of the
work with these systems has focused on characterizing the titanium species present in the systems to
understand their composition. Due to the amorphous nature of our materials and instability of the
reduced titanium species, we were unable to obtain a clear understanding of their composition and
structure of the products of these reactions. Ultimately, we turned our focus to investigating whether
any of the materials demonstrated reproducible chemisorption with molecular hydrogen. We found that
none of the materials measured demonstrated chemisorption with hydrogen. These results are consistent
with the results from our computational modeling collaboration. Regardless, this work represents a novel
system with targeted isolated single sites.
PARALLEL COMPUTATIONAL MODELING
Parallel to the synthetic work discussed above, we collaborated with Dr. Nethika Suraweera, a member
of Dr. Keffer’s group who specializes in computational modeling of amorphous materials. In this
collaboration, our colleagues sought to develop a model from the Si8O20 cube-based matrices that we
were preparing. Their models consisted of a volume containing Si8O20 cubes with voids to represent the
pores in our matrixes. The Si8O20 cubes were randomly arranged to produce amorphous materials, linked
together with oxy-silicon-oxy bridges. On the corners of Si8O20 cube not linked to another cube, resided
surface trichloro-silane or trichloro titanium. To help generate accurate models, Dr. Suraweera asked us
to synthesize two experimental samples that were designed to be similar to their models. The
experimental properties gathered from these samples allowed Dr. Suraweera to alter their models to
matching our synthetic work. These titanium(IV) models were to be the first of many, as we planned to
study the reduced species after obtaining models that accurately emulated the experimental properties.
The synthesis procedures of the two samples are outlined in the following paragraphs:
Synthesis of trimethyltin silicate platform
In a Schlenk reaction vessel, 1.276 g (0.683 mmol) of dry trimethyltin cube, Si8O12(OSnMe3)8, was added
to 0.582 g (1.773 mmol) of silicon tetrachloride bispyridine, SiCl4py2 [2.60:1 SiCl4py2/Si8O12(OSnMe3)8;
1.30:1 Cl/Me3Sn] followed by the vapor transfer of approximately 30 mL of toluene. The sealed system
was left under vacuum and heated at 80°C. A gel forms within 1 hour. The solution was allowed to
continue to react for 18 hours whereupon all volatiles were removed using heat and dynamic vacuum.
Previous investigations indicated that both trimethyltin chloride and pyridine are quantitatively removed
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under these conditions. The resulting fine powder solid was used without further purification.
Gravimetric analysis of the reaction indicated, on average, the inert silicon linkages were connected on
average to 2.49 silicate cubes and 1.56 trimethyltin group remained per silicate cube. This material
represents the unfunctionalized amorphous Si8O20 structure found in our collaborator models.
Functionalization of the surface with trichloro-silane or trichloro titanium would allow us to reproduce
our collaborator’s models.
Surface species treatment
After silicon linkers were incorporated into the Si8O20 based building blocks solid matrix. Toluene was
again delivered to the Schlenk vessel followed by TiCl4 or Me3SiCl via vapor transfer for the second dose
treatment. The solution was allowed to react at 80°C for overnight (18h) followed by removal of the
solvent and Me3SnCl byproduct under dynamic vacuum and heat (80°C). An off white solid and white
solid were obtained, respectively. Gravimetric analysis indicated both samples contained an insignificant
number of residual trimethyltin groups (1 Sn: 100 Ti) and the reactions had proceeded as expected.
Characterization
Surface area determinations were performed using data from a Micromeritics ASAP 2020 Surface Area
and Porosity Analyzer using nitrogen gas adsorption. The nitrogen isotherms allowed our collaborators
to determine density, surface area, and accessible volume, to generate the most accurate models
possible. The surface area for trichloro-titanium and TMS surface species were found to 621 m²/g and
565 m²/g, respectively. The densities for trichloro-titanium and TMS surface materials were found to be
0.975 g/cm3 and 0.985 g/cm3, respectively. Carbon dioxide, methane, and hydrogen isotherms were then
completed for comparison with the models.
Computational results on these oxidized models confirmed physisorption as the primary mechanism of
interaction for all three gases.[119-121] The maximum gravimetric capacity of CH4 was found to be 16.9
wt.%, occurring at 300 K and 97 bar and the maximum gravimetric capacity of CO2 was 50.3 wt.%,
occurring at 300 K and 51.6 bar. Both these maxima occurred on non-titanated silicate platform.
Hydrogen’s maximum gravimetric capacity occurred on a non-titanated silicate platform, as well, with 5.8
wt.% H2 occurring at 77 K and 89.8 bar. [119] Furthermore, pair correlation functions illustrate that the
most favorable adsorption sites for hydrogen are located in front of the faces of the spherosilicate cubes.
Finally, it was found that titanium sites in the matrix did not enhance hydrogen storage capacity.[121]
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CHAPTER 3: INVESTIGATION OF SINGLE SITE TITANOSILICATE MATERIALS
FOR EPOXIDATION
Almost every facet of our daily lives depends on catalysis and its contributions to present day society
cannot be overstated. The production of fuels, plastics, chemicals, and pharmaceuticals all rely on
catalysis on an industrial scale.[122] This industrial scale demands not only larger scale production but,
more importantly, catalysts with superior performance. Traditional heterogeneous catalysts are
frequently quite primitive in both function and structure, compared to biological analogs. As a result,
there is abundant potential for developing new and better catalysts.
Considering nitrogen fixation as an example, instead of the mild conditions needed for biological
nitrogenase, high pressure (>30 MPa) and temperature (>450°C) are required for the industrial
equivalent.[123] The catalyst used for industrial nitrogen fixation has not undergone any fundamental
changes since its invention in 1918. Nitrogen fixation is a prime example of the importance to develop
novel catalysts that are more efficient than current catalysts.
Catalysts play an important role in the petrochemical industry. Catalysts are used in many reactions from
cracking of the major components for gasoline production, to reaction design to increase the value of
minor components found in crude oil. The majority of crude oil will be transformed by a catalyst before it
is consumed by society. Additionally, many of the value added chemicals produced would be quite
expensive or nearly impossible to synthesize if it weren’t for the petrol-based substrate and an effective
catalyst. The desire for new novel catalysts has never been higher. New novel catalysts that are highly
active and selective are the key to making the most of our limited petrochemical supply.
Selective oxidation of hydrocarbons to higher value chemical feedstocks represents a significant
petrochemical process. Nonetheless, it remains a great challenge to achieve high activity and selectivity
in these reactions. One selective oxidation reactions that has attracted tremendous attention in the
scientific community due to its industrial importance is olefin epoxidation (Figure 63). Despite successes
in homogeneous catalysis, there is a clear demand from industry for better performing heterogeneous
materials that catalyze epoxidations with commercially available oxidants such, as H2O2 and organic
peroxides.[124,125] In response to this, heterogeneous epoxidation remains an active field of research,
with new and improved materials being developed over the past decade. However, the syntheses of the
catalysts are often costly, and many possess poor selectivity due to a random mixture of active groups
with geometries less conducive for catalysis in the solid matrix.[126,127]
The materials presented in this chapter possess many properties desired in a new heterogeneous
epoxidation catalyst: (1) 100% of the titanium from each of the precursors is incorporated within the
matrices and theoretically turns into an active center. (2) High site homogeneity of titanium centers with
targeted connectivity. (3) Site isolation that prohibits titanium dimerization and leaching. (4) Meso-sized
pore structures that accommodate large olefins substrates.
In ordered to keep up with ever-increasing needs for new engineered catalysts, new synthetic strategies
are needed. The syntheses of these catalysts need to be more targeted and directed. These advanced
engineered catalysts need their composition and structure controlled at many different length scales,
allowing for the targeted synthesis of active sites with specific, desired characteristics. An approach in
which the targeted site is identified initially and then built into the matrix as it is being created is one
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approach to this idea. This sort of targeted synthesis is still quite difficult and there are relatively few
synthetic strategies that can offer this control.
The synthetic methodology discussed in-depth throughout chapter 1 may have the potential to overcome
the issues that plague current heterogeneous epoxidation catalysts. By targeting and synthesizing known
geometry and connectivities we believe a better understanding of olefin epoxidation can be achieved.
Using sequential additions with a building block-based synthetic approach we have been able to
synthesize three unique single site titanosilicates (Figure 64). Each of these titanium active sites has a
tetrahedral coordination sphere with a targeted connectivity to the surrounding silicate matrix. As
discussed in Chapter 1, it is believed that the selectivity and activity of a catalyst is directly related to the
number of different active sites within a “catalyst”. As a consequence of each active site favoring a
different reaction, catalysts with multiple active sites tend to have lower selectivities. Single site catalyst
like the ones discussed here should have higher selectivity to their multi-site counterparts.
This chapter describes work, in which the goal was to determine if the family of single sites titanosilicates
described above would be an effective catalyst in the epoxidation of olefins. In addition to targeting and
synthesizing single-site heterogeneous titanosilicates for epoxidation, establishing a relationship between
the structure of titanium sites in a silicate matrix and their catalytic properties is of great importance.
Based on previous studies of titanosilicates, it is believed that new approaches, such as the synthetic
methodology used here, are necessary in order to target specific active sites in these materials on the
atomic level. The synthetic approach developed and described here allows the unique catalytic behaviors
of titanium sites with well-defined connectivities to a silicate matrix to be studied and compared. As a
result, we would expect a titanium site with four bonds to the matrix to react differently relative to that
with only two bonds. As the number of bonds to the surrounding matrix decrease, the site becomes more
assessable to substrates. This more open coordination sphere around titanium should contribute to a
higher affinity for substrate, creating a catalyst with higher activity. However, as a consequence of lower
connectivity, the likelihood of the site leaching from the matrix and becoming homogenous is increased.
As a result, this work will focus on titanium sites with at least two connections to the matrix.
The work presented in this chapter is anticipated to increase our understanding of the active site in
heterogeneous olefin epoxidation catalysts and be an example of a synthetic methodology that allows
one to target and create catalytically active single site within silicate matrixes.

INSTRUMENTATION
The work presented in this chapter relies heavily on the characterization accomplished of Dr. Nan Chen
and Dr. Richard Mayes. Both of their dissertations discuss the characterization of single site titanosilicates,
generated from the synthetic methodology discussed in-depth in chapter 1. After extensive
characterization with X-ray absorption spectroscopy, diffuse reflectance spectroscopy, gravimetric
analysis and catalytic studies Dr. Chen and Dr. Mayes establish a relationship between the structure of
titanium sites in silicate and their catalytic properties. For the first time, the unique catalytic behaviors of
each type of catalyst titanium sites can be studied and compared. The work presented here uses the
foundation created by Dr. Chen and Dr. Mayes to further show the advantages of single site engineered
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materials using a methodology of building blocks and sequential additions. The changes to their synthetic
approach are as follows: 1) Instead for silicon tetrachloride, dimethyldichlorosilane was used for the
second cross-linking reaction. This change removed most if not all of any remaining silicon-chloride groups
in these matrices that react with protic species to produce hydrogen chloride that may heterogenize the
carefully crafted titanium sites. 2) The second cross-linking reaction was allowed to react for 72 hours
compared to the 48 hours presented in Dr. Chen’s work. The additional time is to account for the lower
ratios of chlorine to trimethyltin cube found in the work presented here. It is believed the rate at which
the cross-linking proceeds is directly related to the concentration of reactive silicon-chlorides in solution,
thus more time is needed to allow the reaction to reach completion. 3) As a result of the change in the
second cross-linking agent, the surface of the materials discussed here are air stable. Thus the required
methanol passivation found in Dr. Chen’s work is not needed for these materials.

GRAVIMETRIC ANALYSIS
The reaction vessel is weighed before and after each reaction and the weight change is used to determine
the amount of trimethyltin chloride (Me3SnCl) that is produced during the cross-linking reaction.

INFRARED SPECTROSCOPY
Infrared (IR) spectra were collected using a Thermo Nicolet IR100 in an MBraun LabMaster 130 N2 dry
box. 32 scans are collected using 4 cm-1 resolution from 400-4000 cm-1 for the background and samples.
A KBr pellet is prepared and collected as the background spectrum. A KBr pellet containing sample
material (~1-5 wt. %) is prepared and collected as the sample spectrum. The IR is a fingerprint in
characterizing our catalysts. Important bond formation and destruction within our matrices may be
tracked by IR spectroscopy. Two important stretches are seen between 2800 and 4000 cm-1. First,
aliphatic carbon-hydrogen stretches can be observed between 2800 and 3000 cm-1. These features
correspond to the methyl units of the trimethyltin, which decrease as trimethyltin chloride is lost during
the synthesis. Additionally, evidence of hydrolysis can be seen between 3400 and 3800 cm-1 which can
indicate exposure of the sample to air. Between 1000 and 950 cm-1 are the Si-O-Si and Ti-O-Si stretches
which are the linking groups between the building blocks in the material. These stretches are important
to monitor as they can indicate the decomposition of the sample in the form of leaching of titanium sites
or the decomposition of the cube structure. For these reasons infrared spectrometry is a major
characterization technique used to gain information about the composition of the materials detailed
below.

POROSITY ANALYSIS
Porosity analysis was used to monitor changes in the porosity over the course of synthesis. Nitrogen
adsorption-desorption analysis was performed using a Micrometrics ASAP 2020 Physisorption and
Chemisorption analyzer. BET surface area was calculated using adsorption data in the relative pressure
range from 0.05 to 0.35. The adsorption portion of the nitrogen gas adsorption/desorption isotherms was
used to calculate the pore size distribution (BJH method) of the samples.

NUCLEAR MAGNETIC RESONANCE (NMR)
Proton NMR was used for qualitative analysis of catalyst precursors and quantitative analysis of catalytic
test reactions. NMR spectra were taken on Varian VNMRS 500 MHz. 16 scan with 10-second delays were
used to assure quantitative accuracy. Spectra were worked up on MestreNova V10.0.
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ELEMENTAL ANALYSIS
Elemental analysis for titanium was collected using a Perkin Elmer Optima 2100 DV ICP - Optical Emission
Spectrometer equipped with a Scott spray chamber. Typically, 25 mg of material was digested/dissolved
into approximately 50 mL of solution (~1.5 mL HNO3, ~1.5 mL HF (50 w/w %) and ~47 mL ultrapure (18MΩ)
deionized water). The procedure for sample preparation is as follows. Three sample solutions are analysis
for each material. For each solution, an empty 60 mL plastic bottle is weighed. In a glovebox, the
appropriate amount of material (~25 mg) is added to the plastic bottle. The exact mass of material added
to the plastic bottle must be known. An aliquot of each material is digested in an HNO3 (~1.5 mL) and HF
(~1.5 mL) solution for 2 hours followed by dilution to the appropriate volume (50 mL) using ultrapure
deionized water. The amount of water needed for dilution was measured gravimetrically on an analytical
balance with the assumption the density of the final solution was approximate 1.00 g/mL, Thus, 50 grams
of solution is 50 mL of solution. The data collection procedure is as follows. Emission data for three
replicates were collected and averaged for each solution. A series of at least 5 standard solutions are used
to construct a calibration curve for each metal being analyzed. Each sample solution is then collected and
the concentration of the metal in solution determined using the corresponding calibration curve.

EXPERIMENTAL
Materials: The general procedures for handling the chemicals used in the reactions reported here have
previously been described in chapter 1. Several steps were taken to exclude all sources of water from
reactants, solvents, and glassware as well as any hydroxyl groups present on glassware used in reactions.
All Schlenk reaction vessels were silylated with a chlorotrimethylsilane/triethylamine solution followed by
flame drying under vacuum prior to use. Toluene (Fisher Scientific) was dried using sodium-potassium
alloy and distilled. Pyridine (Fisher Scientific) was distilled and dried using calcium hydride. Toluene and
pyridine were kept in solvent bulbs equipped with high vacuum Teflon® stopcocks with the appropriate
drying agent. The solvent bulbs were degassed using freeze-pump-thaw cycles and stored under vacuum
prior to use. Trimethyltin cube, Si8O12(OSnMe3)8 was synthesized using previously reported
procedures.[31] Prior to use, samples of trimethyltin cube was heated overnight at 100°C under vacuum
to ensure removal of waters of hydration in the crystal. Titanium tetrachloride (TiCl4, Alfa Aesar, 99.6%),
Silicon tetrachloride (SiCl4, Acros, 99.8+%), and dimethyldichlorosilane, (Si(CH3)2Cl2 Acros, 99.8+%) were
distilled, degassed, and stored under vacuum in Schlenk vessels equipped with Teflon® stopcocks.
Titanium tetraisopropoxide (Ti(OiPr)4, Alfa Aesar, 99.6%), was distilled, stored, and added to reaction
vessels in a nitrogen atmosphere glove box. All volatile solvents and reagents were delivered into reaction
vessels using vapor transfer methods.
Dichlorodiisopropoxytitanium (2-connected precursor): 1.000 g (4.220 mmol) of titanium
tetraisopropoxide, Ti(OiPr)4, was added to Schlenk reaction vessel followed by the vapor transfer of
approximately 30 mL of pentane with a dry ice/isopropanol bath. Then while stirring and cooling in a dry
ice/isopropanol 0.804g (4.220 mmol) bath titanium tetrachloride, TiCl4, was vapor transferred. A yellow
precipitance formed during the vapor transfer of titanium tetrachloride. The sealed system was covered
from light, warmed to room temperature, and left under vacuum. Upon reaching RT the solution became
translucent yellow. The solution was allowed to continue to react for four hours whereupon all volatiles
were removed using dynamic vacuum. The resulting fine yellow powder solid was sublimed (60°C) under
vacuum for further purification. Proton NMR exhibits two broad singlets at 1.03 and 4.38 ppm. These
proton shifts match those found in literature.[128]

118

Trichloroisopropoxytitanium (3-connected precursor): 0.500 g (2.110 mmol) of titanium
tetraisopropoxide, Ti(OiPr)4, was added to Schlenk reaction vessel followed by the vapor transfer of
approximately 30 mL of pentane with a dry ice/isopropanol bath. While stirring and cooling in a dry
ice/isopropanol 1.201g (6.235 mmol) bath titanium tetrachloride, TiCl4, was vapor transferred. A yellow
precipitance formed during the vapor transfer of titanium tetrachloride. The sealed system was covered
from light, warmed to room temperature, and left under vacuum. Upon reaching RT the solution became
translucent yellow. The solution was allowed to continue to react for four hours whereupon all volatiles
were removed using dynamic vacuum. The resulting fine light yellow powder solid was sublimed (60°C)
under vacuum for further purification. Proton NMR exhibits a doublet at centered at 0.82 and a septet
centered at 4.10 ppm. These proton shifts match those found in literature.[128]
4-connected Embedded tetrahedral titanium silicate: 1.500 g (0.809 mmol) of dry trimethyltin cube,
Si8O12(OSnMe3)8, was added to Schlenk reaction vessel. followed by the vapor transfer of approximately
30 mL of toluene. 0.092g (0.485 mmol) of titanium tetrachloride, TiCl4, [0.60:1 TiCl4/ Si8O12(OSnMe3)8;
0.30:1 Cl/Me3Sn] was vapor transferred from a capillary. The sealed system was left under vacuum and
heated at 80°C. The solution was allowed to react for 18 hours whereupon all volatiles were removed
using heat and dynamic vacuum overnight. A white powder remained in the Schlenk. Gravimetric analysis
of the reaction indicated on average the titanium atom linkers were connected to 3.96 silicate cubes. The
following day approximately 30 mL of toluene was vapor transfer onto the powder. Then from a capillary
0.209 g (1.618 mmol) of dimethyldichlorosilane, Si(CH3)2Cl2, was vapor transferred. The sealed system was
left under vacuum and heated at 80°C. The solution was allowed to react for 48 hours whereupon all
volatiles were removed using heat and dynamic vacuum overnight. The resulting fine powder solid was
used without further purification. Gravimetric analysis of the reaction indicated on average the inert
silicon linkages were connected to 1.98 silicate cubes. The weight percent titanium was found to be 2.76
wt. % via ICP-OES.
3-connected Embedded tetrahedral titanium silicate: In a Schleck reaction vessel, 1.500 g (0.809 mmol)
of dry trimethyltin cube, Si8O12(OSnMe3)8, was added to 0.147 g (0.687 mmol) of
Trichloroisopropoxytitanium, TiCl3(OiPr), [0.85:1 TiCl3(OiPr)/ Si8O12(OSnMe3)8; 0.32:1 Cl/Me3Sn] followed
by the vapor transfer of approximately 30 mL of toluene. The sealed system was left under vacuum and
heated at 80°C. The solution was allowed to react for 18 hours whereupon all volatiles were removed
using heat and dynamic vacuum overnight. A white powder remained in the Schlenk vessel. Gravimetric
analysis of the reaction indicated on average the inert titanium linkages were connected to 2.99 silicate
cubes. The following day approximately 30 mL of toluene was vapor transfer onto the powder. Then from
a capillary 0.209 g (1.618 mmol) of dimethyldichlorosilane, Si(CH3)2Cl2, was vapor transferred. The sealed
system was left under vacuum and heated at 80°C. The solution was allowed to continue to react for 48
hours whereupon all volatiles were removed using heat and dynamic vacuum overnight. The resulting fine
powder solid was used without further purification. Gravimetric analysis of the reaction indicated on
average the inert silicon linkages were connected to 1.94 silicate cubes. The weight percent titanium was
found to be 4.68 wt. % via ICP-OES.
2-connected Embedded tetrahedral titanium silicate: In a Schlenk reaction vessel, 1.500 g (0.809 mmol)
of dry trimethyltin cube, Si8O12(OSnMe3)8, was added to 0.287 g (1.213 mmol) of
Dichlorodiisopropoxytitanium, TiCl2(OiPr)2, [1.50:1 TiCl2(OiPr)2/ Si8O12(OSnMe3)8; 0.37:1 Cl/Me3Sn]
followed by the vapor transfer of approximately 30 mL of toluene. The sealed system was left under
vacuum and heated at 80°C and allowed to react for 18 hours whereupon all volatiles were removed using
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heat and dynamic vacuum overnight. A white powder remained in the Schlenk. Gravimetric analysis of
the reaction indicated on average the inert titanium linkages were connected to 2.01 silicate cubes. The
following day approximately 30 mL of toluene was vapor transfer onto the powder. Then from a capillary
0.209 g (1.618 mmol) of dimethyldichlorosilane, Si(CH3)2Cl2, was vapor transferred. The sealed system was
left under vacuum and heated at 80°C. The solution was allowed to continue to react for 48 hours
whereupon all volatiles were removed using heat and dynamic vacuum overnight. The resulting fine
powder solid was used without further purification. Gravimetric analysis of the reaction indicated on
average the inert silicon linkages were connected to 1.97 silicate cubes. The weight percent titanium was
found to be via 6.83 wt. % ICP-OES.
Embedded silicon silicate: 1.500 g (0.809 mmol) of dry trimethyltin cube, Si8O12(OSnMe3)8, was added to
Schlenk reaction vessel. followed by the vapor transfer of approximately 30 mL of toluene. Then from a
capillary 0.082g (0.485 mmol) of silicon tetrachloride, SiCl4, [0.60:1 SiCl4/Si8O12(OSnMe3)8; 0.30:1
Cl/Me3Sn] was vapor transferred. The sealed system was left under vacuum and heated at 80°C. The
solution was allowed to react for 18 hours whereupon all volatiles were removed using heat and dynamic
vacuum overnight. A white powder remained in the Schlenk. Gravimetric analysis of the reaction indicated
on average the inert titanium linkages were connected to 3.99 silicate cubes. The following day
approximately 30 mL of toluene was vapor transfer onto the powder. Then from a capillary 0.209 g (1.618
mmol) of dimethyldichlorosilane, Si(CH3)2Cl2, was vapor transferred. The sealed system was left under
vacuum and heated at 80°C. The solution was allowed to continue to react for 48 hours whereupon all
volatiles were removed using heat and dynamic vacuum overnight. The resulting fine powder solid was
used without further purification. Gravimetric analysis of the reaction indicated on average the inert
silicon linkages were connected to 1.93 silicate cubes.
Grafted (G) Ti-MCM-41: 0.594g (0.002 mol) of titanium isopropoxide, Ti(OiPr)4, was added to Schlenk
reaction vessel. Followed by the vapor transfer of approximately 30 mL of pentane. Then approximately
2.000 grams of dry MCM-41 (ACS Materials) was added to the Schlenk. The reaction was stirred at RT for
18 hours whereupon all volatiles were removed using heat and dynamic vacuum. A white powder
remained in the Schlenk. The white powder was removed from the Schlenk and placed into a crucible and
heated to 580°C for 18 hours. The resulting fine white powder was used without further purification. The
weight percent titanium was found to be via 4.45 wt. % ICP-OES
TS-1: 1730 μL of 1.0 M aqueous solution of tetrapropylammonium hydroxide, TPAOH, was added to the
mixture of 3.00 g (0.0144 mol) tetraethyl orthosilicate Si(OEt)4, in isopropanol (4 mL) and water (11 mL).
Subsequently, a solution of 0.351g (1.728 x 10-3 mol) titanium butoxide Ti(OBu)4 in dry isopropanol (~15
mL) was added under vigorous mixing. The solution had the approximate ratios: 25 Si(OEt)4 : 0.25 Ti(OBu)4
: 3 TPAOH : 1000 H2O. The resulting clear solution was stirred and heated to approximately 60°C for 1
hour. The resulting sol (clear solution) was heated to 80°C and stirred for 4 hours. A titanium-silicate gel
was obtained. The gel was transferred into a Teflon-lined autoclave and crystallization was carried out
for 14 days at 170°C. The white solid was washed with deionized water and dried at 120°C overnight.
Following the drying, the white solid was calcined at 500°C for 16 hours. The weight percent titanium was
found to be via 1.72 wt. % ICP-OES

CHARACTERIZATION OF SINGLE SITE CATALYSTS
As stated previously, this chapter relies heavily on the prior characterization of single site titanosilicate,
synthesized using the methodology discussed in-depth in chapter 1. X-ray absorption spectroscopy,
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diffuse reflectance spectroscopy, gravimetric analysis and catalytic studies of “identical” single site
titanosilicates have established a relationship between the structure of titanium sites in silicate and their
catalytic properties. As a result of the extensive characterization of a catalyst’s physical properties, this
work will only summarize the physical properties, and focus more on understanding their catalytic
activities.
Figure 65 shows the IR spectrum for the 4-connected embedded titanium centers. These materials were
synthesized under non-aqueous aprotic conditions which results in the production of a hydroxyl- free
surface. As expected no evidence for the presence of silanol groups (3600-4000 cm-1) is observed in the
IR spectrum. IR spectroscopy is again used to verify the Ti-O-Si linkage remained intact throughout the
second cross-linking reaction. Both the Si-O-Si band (1080 cm-1) and the Ti-O-Si shoulder (~960 cm-1) were
observed in the IR spectrum. The IR is consistent with the continued presence of Ti-O-Si groups in the
matrix thus the Ti-O-Si linkage was not disrupted during the cross-linking reaction with Me2SiCl2. The IR
spectra of both the 3-connected and 2-connected embedded titanium centers are virtually identical to
that of 4-connected embedded titanium centers.

CATALYTIC TEST REACTIONS
As important as the characterization of a catalyst’s physical properties is, it is meaningless if the material
is incapable of acting as a catalyst. For this reason, every research program focused on catalytic test
reactions in parallel with more classic characterization methods. These test reactions attempt to define
important quantities that can be used to determine the effectiveness of a catalyst.
Activity is a measure of the amount of substrate that is converted during the reaction over a specified
time interval. Percent conversion is sometimes considered an appropriate measure of activity. However,
percent conversion data generally does not take into account the number of active sites present in the
catalyst. As a result, these numbers can be easily manipulated by simply adding more catalyst, decreasing
the concentration of substrate, or changing the temperature and time. Consequently, the observation of
increased conversion does not necessarily mean a catalyst is more active. More accurate measures of
activity are turnover number and turnover frequency. Turnover number, TON, (Equation 19) measures
the number of substrate molecules converted per active site. Turnover frequency, TOF, (Equation 20)
quantifies the activity of a catalytic site occurring at the site per unit time. At early time points where
concentrations are not changing quickly, TOF can be an accurate representation of the rate of reaction
whereas, at later time points, TOF becomes a more averaged value due to the changes in concentrations.
TOF present here will be at two minutes. In addition to determining conversion, researchers must be able
to quantify the number of active sites in a sample of the material in order to determine turnover numbers
and turnover frequency. Counting the number of active sites in a heterogeneous catalyst can present a
number of challenges which is the reason that many catalysis studies still only report percent conversions.
∆ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑻𝑢𝑟𝑛𝑶𝑣𝑒𝑟 𝑵𝑢𝑚𝑏𝑒𝑟 = 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑠𝑖𝑡𝑒𝑠

𝑻𝑢𝑟𝑛𝑶𝑣𝑒𝑟 𝑭𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =

𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟
∆ 𝑡𝑖𝑚𝑒

Eq. 19

Eq. 30

Selectivity measures how well a catalyst produces a specific product relative to all of the products of a
reaction. Selectivity is generally represented as the percent yield of a specific product relative to the
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Figure 65: IR spectrum for the 4-connected embedded titanium centers
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stoichiometric yield from the substrate. Selectivity is a property of great importance in industry because
high selectivity means the yield of a desired product will be high and there will be less cost associated with
the separation from unwanted byproducts. Single site catalysts are widely considered to have higher
selectivity than their multi-site counterparts. This is justified by the concept that each individual type of
site is will exhibit a unique reactivity and potentially a different product. Therefore, fewer types of sites
should give rise to higher selectivity by a catalytic material. Selectivity is easy to determine as long as
researchers can detect and quantify the products of a reaction.
As discussed previously one selective oxidation reaction that has attracted tremendous attention in the
scientific community due to its industrial importance is olefin epoxidation. The test substrate of choice for
epoxidation tends to be small, relatively stable olefins. Many previous studies have had great success with
the epoxidation of cyclohexene with a variety of oxidants.[129,130] Other studies have indicated that the
selection of solvents plays a critical role in the activity and selectivity of the epoxidation. As a result of
these published works, our studies will investigate the epoxidation of cyclohexene with cumene
hydroperoxide in a solution of decane. A generalized chemical equation can be seen in Figure 66.
The catalysis runs were performed on a Fisher Sci stirring and heating hotplate. An aluminum block with
milled cavities designed to fit the reaction vial was submerged in a silicon oil. Temperature of the oil was
monitored via a K-type thermocouple. The tip was submerged into a well within the aluminum block. The
thermocouple reader could be read to ± 0.1°C. The temperature change over the course of a catalysis run
was no more than ±0.5°C. Time was monitored on a Fisher Sci Triple-Display Timer, allowing multiple time
points to be set and monitored. Figure 67 displays the catalytic run setup.

CATALYTIC PROTOCOL
An empty vial with a 10 mm stir bar and septa cap was tared. The vial was then taken into a glove box and
approximately 50 mg of catalyst was added. The vial with catalyst was then weighed to determine the
exact amount of catalyst. The approximate volume of decane need to create a 0.006 M titanium solution
was added to the vial. Calculations were accomplished to determine the volumes needed to obtain the
mole ratio of 1 : 25 : 250, Ti : Cyclohexene : Cumene hydroperoxide in the final reaction mixture. All
amounts were dependent on the actual amount and titanium wt.% of catalyst weighed into the vial. After
the addition of decane, 261 μL of mesitylene (Internal Standard) via a calibrated Wheaton™ Socorex
Acura™ 835 Pipet and the calculated volume of cyclohexene were added to the vial. The vial was then put
into an oil bath at 40°C. The calculated volume of cumene hydroperoxide was placed into a second vial in
the oil bath. Both vials were allowed to come to temperature equilibrium for 20 minutes. After the vials
reached temperature equilibrium, the cumene hydroperoxide vial was removed from the oil, wiped with
a paper towel and poured into the vial with catalyst, cyclohexene, decane, and mesitylene. The total
volume of the reaction varied between three to seven milliliters depending on the wt. % and the total
mass of catalyst used. The reaction was allowed to stir for approximately 2 seconds (the time it takes to
get a homogeneous mixture) at which point a 50 μL aliquot was removed and placed into an NMR tube.
Once the aliquot was removed the septa cap was placed back onto the vial. To the NMR tube with the
reaction aliquot, 600 μL of deuterated chloroform was added. The NMR tube was then placed into liquid
nitrogen to halt the reaction. Additional aliquots were taken at 2, 5, 10, 30, 60, 120 minutes after the
addition of the cumene hydroperoxide.
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Figure 66: Generalized epoxidation of cyclohexene with cumene hydroperoxide catalyzed by titanium.
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Figure 67: Image of catalytic test reaction set-up
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CHARACTERIZATION OF ALIQUOTS
Proton NMR spectra of each aliquot were taken on Varian VNMRS 500 MHz. 16 scan with 10-second
delays were used to assure quantitative accuracy. MestreNova V10.2 was used to work up spectra. Each
spectrum was manually phased, baseline corrected (Whittaker smoother filter-5.0, 0.61 Hz) and line
broadened (0.5 Hz) before integrated. Integration regions were as follows: mesitylene 6.75-6.90 ppm,
cyclohexene 5.64-5.735 ppm, cyclohexene oxide 3.10-3.16 ppm, cumene hydroperoxide 1.609-1.66 ppm,
and cumene alcohol 1.585-1.608 ppm. An example NMR from an aliquot can be seen in Figure 68. From
the data collected a plot showing the mole fraction at each time point can be generated. An example of
this plot can be seen in Figure 69.

RESULTS & DISCUSSION:
The results of the epoxidation of cyclohexene with cumene hydroperoxide catalyzed with titanosilicates
are summarized in Table 6.
The results from the embedded silicon silicate sample demonstrate that the epoxidation of cyclohexene
does not occur without a titanium-containing catalyst. No conversion is observed for the embedded silicon
silicate, a titanium-free analog that shares similar mesoporous structures with our targeted connectivity
titanium catalysts. In contrast, all titanium containing catalysts exhibit considerable activity for the
epoxidation of cyclohexene. Therefore, the lack of catalytic activity in the comparison reactions
demonstrates that titanium atoms in the matrices are the only active centers in this reaction.
Different catalytic activities and selectivities were observed for our single site titanium catalysts. Under
the same reaction conditions, 2-connected titanium silicate shows significantly higher conversion toward
cyclohexene oxide than 3-connected and 4-connected titanium silicate. Additionally, all our single site
titanium catalysts show significantly higher selectivity than currently commercially used catalysts ((G)TiMCM-41 and TS-1). The data indicates that our 2-connected titanium silicate is twice as fast as our 3connected and three times as fast as (G)Ti-MCM-41 and our 4-connected. Finally, significant differences
in TOF’s can be observed for each of our single site titanium catalysts.
The structural differences between our single site titanium catalysts may explain the different TOFs. Given
that all catalysts in this work are made up of similar building block matrices, the different accessibility of
titanium sites is believed to play a key role in the catalytic activity. Compared to 3-connected and 4connected titanium silicate, fewer silicon atoms are present around the titanium centers in 2-connected
titanium silicate. The higher connectivity in 3-connected and 4-connected may result in steric hindrance,
and as a result, less accessible titanium centers. In Figure 70, 4-connected tetrahedral embedded titanium
site is shown. In most proposed mechanisms for epoxidation, an initial step involves coordination of a
peroxide with the simultaneous breaking of a Si-O-Ti link to silicate support. From both a steric and
electronic perspectives this is potentially a high energy step and as a result, may limit the effectiveness
and efficiency of our 4-connected titanium silicate consistent with its reactivity being the lowest among
the new catalysts tested. Furthermore, to coordinate peroxide or substrate may also require significant
movement of the titanium atom with respect to the cage of Ti-O-Si bonds that surrounds it. We would
expect significantly lower energy barriers for both 3-connected and 2-connected relative to 4-connected
titanium catalyst for the same reasons.
(G)Ti-MCM-41 and TS-1, both well-known heterogeneous epoxidation catalysts, were also investigated in
the epoxidation of cyclohexene and the catalytic properties compared with those reported above. As
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Figure 68: An example NMR spectrum from an aliquot of the catalytic test reaction.
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Figure 69: An example mole fraction plot generated from the quantitative NMR data collected from the catalytic
test reaction.
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Table 6: Results of catalytic properties in the epoxidation of cyclohexene to cyclohexene oxide.

Catalyst

Initial TOF (2 mins)

% Conversion at 2h ±4.0 (avg.)

Selectivity at 2h ±4.0 (avg.)

(G)-Ti-MCM-41

0.45

28.33, 36.4, 26.77 (30.50)

(74.66)

TS-1

0.09

1.25, 0.75, 1.87 (1.29)

(25.00)

4-Connected

0.28

27.35, 28.67, 27.47 (27.83)

(100.00)

3-Connected

0.38

39.81, 38.72, 39.34 (39.29)

(100.00)

2-Connected

0.47

91.13, 91.74, 93.19 (92.02)

(100.00)
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Figure 70: A 4-connected tetrahedral embedded titanium site reacting with a peroxide.
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described in chapter 1, TS-1 is a crystalline zeolite titanosilicates with relatively small pores (<1.5nm).
(G)Ti-MCM-41 was prepared by grafting a titanium precursor onto surface silanol groups and then
calcining. MCM-41 is an amorphous mesoporous matrix with pores large enough to accept a wide range
of substrates. Unfortunately, through both the grafting and calcining steps of the synthesis all control of
the site connectivity is lost and even polynuclear titanium sites are possible.
The conversion and selectivity of cyclohexene by TS-1 are both very low. The poor catalytic performance
of TS-1 is expected because of the small micro-pore that prohibits the diffusion of bulky substrates such
as cyclohexene to the titanium sites. Ultimately, the activity seen by TS-1 can be accounted for by the
limited number of “surface” titanium species that cyclohexene can diffuse too. (G)Ti-MCM-41 exhibits
mediocre conversion and selectivity, similar to that of our 3-connected titanium silicate. The catalytic
behavior is likely to result from the local environment around titanium, possibly a mixture of multiple
types of titanium centers with different connectivities to the silicate surface.

STABILITY
A component of catalytic test reactions involving heterogeneous catalysts that is less frequently studied
is stability. The apparent reactivity of a catalyst frequently can decline over the course of a run due to
several factors. Important pathways by which catalyst deactivate are leaching, active site decomposition,
or blocking access to the active site. Leaching studies arguably provide information that is more critical in
the determination of the effectiveness and longevity of a heterogeneous catalyst than activity and
selectivity. The ideal case is that the active sites do not leave the support surface to become potentially
soluble homogeneous active sites. If leaching does not occur, then the observed catalysis is truly
heterogeneous in nature. However, if the components of the active sites of a heterogeneous catalyst
leach during reaction one can envisage three different consequences: (1) the leached species is an active
homogeneous catalyst and the apparent activity of the catalyst system is not an accurate measure of the
sites initially present. (2) The leached species is an inactive homogeneous catalyst and the apparent
activity of the catalyst system decreases. (3) The leached species produces undesired byproducts,
reducing the selectivity of the overall reaction.
A modified activity protocol was used to investigate the stability of our catalysts. The catalyst of interest
was placed in the same condition as our activity protocol and allowed to react for 20 minutes (2C - 15.3%,
3C - 6.7%, 4C - 3.9%, and (G)Ti-MCM-41 - 5.1%). At that point, the reaction mixture was filtered and
aliquots were taken to monitor the progress of the reaction without the heterogeneous catalyst. If the
reaction solution continued to produce cyclohexene oxide after filtration, this would suggest an active
homogenous species exists within the solution. Thus we could conclude the catalyst leaches. If after
filtration the production of cyclohexene oxide is terminated this suggest two results: 1) no leaching has
occurred. 2) Titanium has leached from our substrate, but has become an inactive homogenous species.
To determine the amount of homogeneous titanium in solution, the residue from the solution was
analyzed by ICP-OES spectroscopy after calcination. The following paragraphs detail our work to
understanding the stability of our single site catalysts and the (G)Ti-MCM-41 we synthesized.

PROTOCOL:
An empty vial with a 10 mm stir bar and septa cap was tared. The vial was then taken into a glove box and
approximately 50 mg of catalyst was added. The vial with catalyst was then weighed to determine the
exact amount of catalyst. The approximate volume of decane need to create a 0.006 M titanium solution
was added to the vial. Calculations to determine the volumes needed to have the mole ratio of 1 : 25 :
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250, titanium : cyclohexene : cumene hydroperoxide. After the addition of decane, 261 μL of mesitylene
(Internal Standard) via a calibrated Wheaton™ Socorex Acura™ 835 Pipet and the calculated volume of
cyclohexene were added to the vial. The vial was then placed in an oil bath at 40°C. The calculated volume
of cumene hydroperoxide was placed into a second vial in the oil bath. Both vials were allowed to come
to temperature equilibrium for 20 minutes. After the vials reached temperature equilibrium, the cumene
hydroperoxide vial was removed from the oil, wiped with a paper towel and poured into the vial with
catalyst, cyclohexene, decane, and mesitylene. The reaction was allowed to stir for 20 minutes at which
point the entire reaction solution was sucked into a 12 mL syringe. A 0.3-micron filter was placed onto the
tip of the syringe and the reaction solution was forced through the filter into a clean vial. At this point, a
50 μL aliquot was removed and placed into an NMR tube. The septa cap was placed back onto the vial and
the vial was placed back into the oil bath at 40°C. To the NMR tube with the reaction aliquot, 600 μL of
deuterated chloroform was added. The NMR tube was then placed into liquid nitrogen to halt the
reaction. Additional aliquots were taken at 20 and 60 minutes from the addition of the cumene
hydroperoxide. Characterization of aliquots follows the protocol outlined above.

RESULTS & DISCUSSION:
The results of the leaching study are summarized in Table 7. Within the hour after the removal of the solid
catalyst, little to no change in cyclohexene oxide concentration was seen for all titanosilicates catalyst.
This result suggest that all active titanium species are truly heterogeneous and if any titanium leaches into
the solution, it became inactive. ICP-OES analysis of the mother liquor indicated no detectable amounts
of titanium to be present.

SUMMARY:
Single site titanium silicates with unique connectivities have been synthesized and tested for the
epoxidation of cyclohexene to cyclohexene oxide with cumene hydroperoxide. High conversion and
selectivity were observed for all single site titanium silicates. Under the reaction conditions investigated,
2-connected exhibit distinctly higher activity (turnover frequency) than that of 3-connected, 4-connected
and commercially used catalysts ((G)Ti-MCM-41 and TS-1). The data indicates that our 2-connected
titanium silicate is twice as fast as our 3-connected and three times as fast as (G)Ti-MCM-41 and our 4connected. Turnover frequencies (TOFs) for the different connectivities are in the sequence of 2connected > 3-connected > 4-connected. All single site titanium silicates exhibited significantly higher
selectivity than commercially used catalysts. Additionally, the stability of the catalysts was investigated by
removal of any “solid” catalyst. Proton NMR of the mother liquor indicates little to no change in
cyclohexene oxide concentration occurs after the removal of any heterogeneous catalyst. These results
are consistent with all active titanium species remain bound to the silicate support and if any titanium
leaches into the solution, it becomes inactive. Additionally, elemental analysis of the mother liquor
indicated no detectable amounts of titanium.
The results described here represent only a small fraction of the work needed to completely characterize
the catalytic activity if these single site titanium silicates. Furthermore, investigation continue on these
single sites catalyst by others members in the group.
Catalytic test reaction with a variety of substrates would help strengthen the argument that our catalysts
are superior to current commercially available ones. In addition to cyclohexene, 1-hexene and styrene are
commonly used as comparative substrates in the literature.[131-133] It is important that we study the
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Table 7: Results of the leaching study in the epoxidation of cyclohexene to cyclohexene oxide.

Catalyst

Percent conversion after
filtration

Percent conversion after 1
hours

Percent change

(G)Ti-MCM-41

5.10

5.06

0.83

4-Connected

3.81

3.71

2.5

3-Connected

6.57

6.62

0.78

2-Connected

15.33

15.47

0.89
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reaction of these substrates with our catalysts before publishing and conclude our work with these
titanosilicates.
Probing the sterics and electronic properties of these single site catalyst may offer a better understanding
of the properties of titanium sites in silicates. Linear alkenes with internal double bonds such as 3-hexane
would allow one to study the sterics properties of an active site. As an active site becomes more
embedded in silicate, we would expect that its sterics would increase and therefore reaction with
sterically hindered substrates would slow or even halt. A series of test reactions with 1-hexene, 2-hexene
and 3-hexene would allow us to establish a relationship between the structure of titanium site in silicate
and the sterics aossicated with the site. As substituents become coordinated to an olefin the electron
density of said olefin increase, as a result we expect that a tertiary olefin would react faster than a
secondary and a primary. a series of test reaction with cyclohexene, 1 methlycyclohexene and 1,2
dimethlycyclohexene would allow us to probe the electronics and sterics of these single sites catalyst.
Replacing cumene hydroperoxide with aqueous hydrogen peroxide would allow one to study these
catalysts in a more industrial form factor, as aqueous hydrogen peroxide is the preferred industrial
oxidant. We hypothesize these conditions would increase the vulnerability of the active sites to leaching
and therefore it would be important to continue our elemental analysis of the solution to verify that our
active sites remain within the silicate matrix. Additionally, we would expect the probabilities of the diol
byproduct to increase, as the epoxide may react with water.[133]
Developing a quantitative protocol for analyzing the solid material for both continuous activity
(reusability) and titanium content would be valuable. The work presented here doesn’t discuss the activity
of the catalyst once used. Currently, it is unknown if that these catalysts survive more than one catalytic
batch cycle. It is imperative that we test recycled catalysts multiple times to develop an understanding of
the robustness and activity of these catalysts. Furthermore, the work presented here doesn’t discuss the
titanium content of the used catalyst. If the catalyst does not leach the weight percent of titanium in the
catalyst will be the same (within ICP error) before and after use.
It has been stated in the literature that the solvent used during the epoxidation has a strong impact on
the activity and selectivity of the reaction.[131] Moving from decane to a more polar solvent like
acetonitrile may alter the activity and selectivity observed. It is important that we study the effects of
solvent polarity with our catalysts before publishing and conclude our work with these titanosilicates.
The amorphous porous structure seen in these materials may limit the variety of substrates suitable for
epoxidation with these catalysts. Since these catalysts were created without any form of templating agent,
the pore structure can narrow at points creating “choke points” that can block substrate from reaching
active sites. Studying the epoxidation of larger, more rigid alkene (such as cyclooctene) would help Identify
if this would be a limitation of these materials. If, under the same condition, large changes in activity
between cyclodecene, cyclooctene, and cyclohexene were seen, we could conclude that access to some
active sites were blocked and the porosity is limiting the effectiveness of the materials. Alternatively,
adding a templating agent such as plutonic 123, or CTAB to our synthetic approach may allow us to
minimize the “choke points” within our materials. Washes and rinsing would be the preferred method for
removing the templating agent after synthesis, as calcination may alter the carefully crafted active sites.
Testing these templated catalysts under these same conditions and determining their rate would allow us
to see if “choke points” were a limitation of our current synthetic procedure.
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Limonene, a diene, has both a 1,1-disubstituted olefin and a 1,1,2-trisubstituted olefin, allowing us to
examine our catalysts preference of epoxidation. Often the most electron-rich double bond can be
selectively epoxidized.[134] It would be ideal if these catalysts were able to selectively epoxidize a
designated bond within a diene or triene. Catalytic test reaction with limonene and similar dienes
substrates would allow use to study these preferences.
Catalysts that create 2,3-epoxyalcohols from primary and secondary allylic alcohols from functionalized
alkenes such as vinyl alcohol are of great interest and important. Studying the epoxidation of vinyl alcohol
and other functionalized olefins with our catalyst would significantly broaden the applicability of these
catalysts.
We hypothesize this reaction proceeds with a mechanism similar to that of a Sharpless epoxidation. An
in-depth kinetic study would allow use to determine the overall order of the reaction and compare it with
that found in a Sharpless epoxidation. By changing the concentration of the reagents in the reaction and
determining the rate we can determine the order of the reaction for each reagent and the overall rate.
This data could prove/disprove our postulation about our mechanism.
Single site catalysts allow us the rare chance to study activation energies of heterogeneous catalysts.
Because of the unique nature of our synthetic approach were have been able to create catalysts that only
have a single type of titanium; 2-connection, 3-connections, or 4-connections to the support, but all have
tetrahedral geometries. We would expect each species to have a different activation energy for
epoxidation. In most proposed mechanisms for epoxidation, an initial step involves coordination of a
peroxide with the simultaneous breaking of a Si-O-Ti link to silicate support.[133] From both a steric and
electronic perspectives this is potentially a high energy step and as a result may limit the effectiveness
and efficiency of our 4-connected titanium silicate consistent with its reactivity being the lowest among
the new catalysts tested. Furthermore, to coordinate peroxide or substrate may also require significant
movement of the titanium atom with respect to the cage of Ti-O-Si bonds that surrounds it. We would
expect significantly lower energy barriers for both 3-connected and 2-connected relative to 4-connected
titanium catalyst for the same reasons. By running kinetic studies at multiple temperatures and plotting
the rate constants for each temperature we can determine the activation energy for each catalyst.
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CHAPTER 4: CONCLUSION AND FUTURE WORK
This dissertation describes work aimed at synthesizing, characterizing and demonstrating applications for
novel single site nanostructured titanosilicate. This work was part of an ongoing research program to
develop new synthetic methodologies for the targeted preparation of advanced engineered materials.
One area of focus was demonstrating how this new synthetic methodology is able to create well-defined
single site surface titanium species that when reduced, could be capable of reversibly binding molecular
hydrogen. A second focus of this work aimed at demonstrating how this synthetic methodology could be
applied to constructing single-site heterogeneous catalysts. These catalysts were demonstrated to be
active in the epoxidation of cyclohexene.

APPLICATIONS IN HYDROGEN STORAGE:
One of the primary focuses of this dissertation was the preparation of surface titanium ensembles for
hydrogen applications. Surface titanium(IV) ensembles, were synthetically targeted by reacting a premade
silicate building block support with a limiting amount of titanium tetrachloride, TiCl4. The premade
support initially contained spatially isolated surface functionalities which ensured that the generated
surface catalyst ensembles were also spatially isolated. The local environment around all of the metal
titanium sites in the matrix is identical which means the nanostructured catalysts again can be classified
as single site.
These isolated titanium(IV) sites serve as a well-defined starting point for a “complex” reduction, resulting
in reduced titanium centers that may be capable of Kubas’s binding of hydrogen. The ability to start from
well-defined and well-characterized precursors separates our synthetic strategy from those previously
found in the literature. These isolated titanium(IV) sites were exposed to a variety of reductants including
lithium aluminum hydride, sodium borohydride, cobaltocene, hydrogen, and UV radiation with hydrogen.
The majority of the work with these systems focused on characterizing the titanium species after
reduction in the systems to understand their composition. Due to the amorphous nature of our materials
and instability of the reduced titanium species, we were unable to develop a clear understand of their
composition. Ultimately, we turned our focus to investigating if any of the materials demonstrated
chemisorption with molecular hydrogen. We found that none of the materials studied demonstrated
chemisorption with hydrogen. These results were consistent with the computational modeling
collaboration. Regardless, this work represents a novel system with targeted isolated single sites.

APPLICATIONS IN HETEROGENEOUS CATALYSIS:
Another primary focus of this dissertation was the preparation of nanostructured catalysts where one can
control all of the necessary components of the catalyst ensembles in the material. Isolated metal cation
centers, specifically titanium(IV), were incorporated into the framework of silicate building block matrices.
A series of catalyst ensembles, from partially and fully embedded, were synthetically targeted by reacting
the octa-trimethyltin molecular building block with a limiting amount of metal chloride (Ti(OiPr)2Cl2,
Ti(OiPr)Cl3, TiCl4). The local environment around all of the metal cation centers in the matrix (TiO4) is
identical which means the nanostructured catalysts contain only one type of metal cation center. These
titanosilicate materials were further cross-linked using a dimethyldichlorosilane linking agent which
resulted in the generation of a high surface area material around the embedded ensembles. The local
environment around the ensembles remained unchanged during the generation of the high surface area
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support and therefore the catalysts still contain only one type of metal cation center and can be classified
as single site catalysts.
These single site catalysts were then shown to be active for the epoxidation of cyclohexene with cumene
hydroperoxide. Like prior research with similar single site titanosilicates, a relationship between the
structure of titanium sites in silicate and their catalytic properties was established. Leaching studies of
these catalysts indicated that there was no significant loss of titanium from the silicate matrix.
Furthermore, these single site catalysts were compared to two commercially used catalyst ((G)Ti-MCM41 and TS-1) and found to be superior in both activity and selectivity.
In addition to targeting and synthesizing single-site heterogeneous titanosilicates for epoxidation,
establish a relationship between the structure of titanium site in silicate and its catalytic properties is of
great important. Based on the previous studies on titanosilicates, it is believed that new synthetic
approaches such as the synthetic methodology used here are necessary in order to be able to target
synthetically specific active sites in these materials on an atomic level. The synthetic approach developed
and described here allows, the unique catalytic behaviors of each type of catalyst titanium sites to be
studied and compared. The materials synthesized have a well-defined number of connections to the
silicate matrix. As a result, we would expect a titanium site with four bonds to the matrix to react
differently to that with only two. A more open coordination sphere around titanium should contribute to
higher efficiency substrate, allowing for a faster more efficient catalyst
These result demonstrate the strengths of this synthetic methodology and represents a novel method for
targeted isolated single sites and applying them to catalysis.

FUTURE WORK
The synthetic methodology discussed in-depth in chapter 1 and the example work presented in chapters
two and three provides researchers with the ability to target specific catalytically active ensembles. The
synthetic methodology discussed in this dissertation is applicable to a wide variety of active sites. As a
result, this methodology can be used to target active sites for a range of reactions. As long as the active
site precursor is high valent and oxophilic in nature this synthetic strategy will allow one to target a site
of interest. A broad assortment of future work could focus on applying this synthetic approach to high
valent transition and main group elements that have shown active in reactions of great importance.

INCORPORATION OF METAL CLUSTERS
An area which future work could be devoted focuses on incorporating metal clusters into the synthetic
methodology discussed in this dissertation. This would allow researchers to address such questions as
whether isolated single metal cation sites are more or less active than isolated collections of metal cations
(i.e. metal clusters). An example of a few possible metal clusters that could be incorporated into the
building block matrices can be seen in Figure 71. Preliminary work with the tetra-nuclear titanium cluster
has indicated that when it is reacted with cube both trimethyltin chloride and trimethyltin benzoate are
seen in the volatiles. In theory, this indicates the formation of multiple linkages to the support.

137

Cl

Cl
O

O

C

Ph

C

Ph

Ph

Ti
Ti

Ph

Ph

Ti4Cl6(μ-O2)(O2CPh)6

Ti3Cl3O2(O2CEt)5

Cl

C
O
Ti

{TiCl2(O2CEt)(EtCO2H)}2O
Figure 71: Titanium metal clusters capable of reacting with trimethyltin cube.
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HETEROGENEOUS CATALYSTS WITH NON-EQUILIBRIUM GEOMETRIES VIA IMPRINTING
Another area of future work involves the synthesis novel catalysts with non-equilibrium geometries
controlled via imprinting and templating. For example, titanium tetrachloride bispyridine (Figure 72) can
be reacted with trimethyltin cube to create an embedded titanium site with a square planar geometry
once pyridine is removed. This square planar geometry would, in theory, be of higher energy than that of
the equilibrium based tetrahedral and as a result may have substantially different activity.
Another area that may produce interesting results would be creating single site chiral catalysts. Chiral
precursors placed within the trimethyltin cube silicate matrix may create catalyst with an inherent affinity
for chiral-based reactions. Additionally, one could study how the size of the pores affects the observed
catalytic activity of the nanostructured catalysts in selective oxidation reactions. The synthetic
methodology presented in this dissertation allows one to synthetically target nanostructured catalysts
with non-equilibrium geometries and catalysts that contains pore which might only allow certain
substrates to be catalytically converted.

DEVELOPMENT OF METHODS TO REMOVE RESIDUAL TRIMETHYLTIN GROUPS
The development of a method for the removal of residual trimethyltin groups from the silicate matrices
is an ongoing challenge facing our research program. The approach used in this dissertation was to reduce
the trimethyltin groups as low as possible by varying the ratio and stoichiometry used in the synthesis.
One of the risks of leaving trimethyltin groups in the matrices is that these groups could be catalytic active
or be transformed into active species and therefore our “single site” catalysts would really become
“multisite” catalysts. Finally, organotins like trimethyltin are often used as biocides and would deter
industry interest for our novel methodology. Therefore, the development of a method for the removal of
residual trimethyltin groups is vital to the overall success of this methodology.

DEVELOPMENT OF NEW BUILDING BLOCK APPROACH
The development of a new building block approach would solve the trimethyltin challenge just mentioned.
A new building block approach would require the discovery of a new building block, new linking agents,
and new cross-linking reaction. Some exploratory work has been conducted trying to use other
nonhydrolytic sol-gel reactions (e.g. alkyl halide elimination and ester elimination) however these tests
did not provide enough synthetic control to target specific catalyst ensembles. The development of a
Trimethyltin free building block approach would reduce the cost and health hazard that are currently
associated with the building block approach discussed in this dissertation.

139

1) Si8O12(OSnMe3)8
2) Me2SiCl2

Me3SnCl,

Figure 72: Titanium tetrachloride bispyridine reacting with trimethyltin cube, followed by dimethyldichlorosilane to
produce a square planar titanium site.
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